Characterization of Reaction Intermediates

and Adsorbate Interactions on the Ru(001) Surface

Thesis by

Malina Manon Hills

In Partial Fulfillment of the Requirements

for the Degree of

Doctor of Philosophy

California Institute of Technology
Pasadena, California
1987

(Submitted 12 January 1987)



ii

To my family

for their love and support



iid

Acknowledgments

One of the best aspects of Caltech is the eagerness of people to help each other. During my stay
here, I have enjoyed the assistance and friendship of many people, only a few of whom may be named
in this space. Tony Stark, John Yehle, Floyd Litreal and Chick Nakawatase not only built and repaired
numerous pieces of equipment for me, but also taught me how equipment is constructed and how it

works. Kathy Lewis applied patience and a sense of humor to all the lengthy typing tasks I brought

her.

Many of the current and former members of the Weinberg group have been both good friends and
the source of many enlightening discussions. I am particularly indebted to Charles Buddie Mullins for
his assistance in collecting the data discussed in Chapter II, and to John Parmeter for all the sweet EEL
spectra. | have profited much from my associations with John and Buddie and truly enjoyed working
with them. My research advisor, Henry Weinberg, offered numerous suggestions concerning my work
and encouraged me to be thorough in my analysis. He allowed me to work independently in the

laboratory and to explore beyond the originally drawn boundaries of my research.

e

Finally, I would like to thank the people who kept me sane during the past few years.Carol Jones,
Julia Lester and Jackie Shanks have been true comrades, sharing all the pleasures and pains of graduate
school. Through her guidance and caring, Barbara Ellenhomn has helped me to see myself from a more

accurate perspective. Last, but not least, Phil Hookham has shared my burdens, calmed me down and

made me laugh.



iv

Abstract

The adsorption and reaction of ethylene and methylamine on the Ru(001) surface have been
investigated in order to characterize reaction intermediates and adsorbate interactions. Experiments
were conducted under ultrahigh vacuum conditions using electron energy loss spectroscopy and thermal
desorption mass spectrometry. Molecularly chemisorbed ethylene is di-o-bonded and the carbon atoms
of the ethylene are rehybridized to sp>. Upon annealing to room temperature, ethylene forms ethylidyne
(CCH3) and acetylide (CCH) via unstable 1>-CHCH, and 1*CCH, intermediates. These species
decompose below 400 K to carbon adatoms and methylidyne (CH) with concurrent evolution of hydro-

gen,

The interactions of ethylene and its decomposition intermediates with hydrogen and also with car-
bon monoxide have been explored. Hydrogen and carbon monoxide reduce the adsorption and decom-
position of ethylene by blocking adsites. Neither coadsorbed hydrogen nor carbon monoxide alter the
identities of the decomposition intermediates, although the selectivity of the reaction is altered. Thus
on the clean, hydrogen-precovered and carbon monoxide-precovered Ru(001) surfaces, ethylene tends to

decompose via sp’-hybridized, n>-bonded intermediates.

Oxygen overlayers perturb the electronic structure of the Ru(001) surface, changing both the
bonding of coadsorbates and the decomposition intermediates. For example, ethylene adsorbed molecu-
larly on the Ru(001)-p(2x2)O surface is sp*-hybridized and n-bonded. This ethylene dehydrogenates to
ethylidyne which forms vinylidene (CCH,). The vinylidene is coordinated to the surface via one carbon
atom with n-electron donation from the carbon-carbon double bond to the surface occurring. Thus the
presence of oxygen changes the nature of the molecularly adsorbed ethylene and the decomposition
intermediates, favoring sp>-hybridized, n'-bonded adspecies. This result holds also for adspecies such

as acetylene, acetone and formaldehyde and is discussed using the Dewar-Chatt-Duncanson model.

Methylamine adsorbed on the Ru(001) surface is coordinated through the lone pair of electrons on
the nitrogen atom. This species dehydrogenates to a CH,NH, intermediate at 300 K, that dehydrogen-

ates to CHNH, upon annealing to 350 K. The lone pair of electrons, previously located on the nitro-



v
gen, are delocalized over the ruthenium-carbon and carbon-nitrogen bonds of CHNH,. This species
decomposes below 400 K via two competing pathways, forming carbon adatoms and ammonia or dehy-

drogenating to side-on bonded C=N with concurrent evolution of hydrogen.
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CHAPTER 1

Introduction
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Progréss in ultrahigh vacuum (UHYV) investigations of the reactions of gases with well-
characterized transition metal surfaces has advanced significantly our understanding of the interactions
of simple molecules (especially diatomics such as H, and CO) with these surfaces. A brief summary of
the surface sensitive spectroscopies that have been used to examine the chemistry of adsorbate-substrate
interactions may be found in Ref. (1). The information derived from these surface science techniques
has established a foundation for more recent studies concerning the interactions of larger molecules, and
in particular hydrocarbons, with these surfaces and also the effects of coadsorption of atoms and dia-
tomic molecules with these species.  This thesis details the adsorption and reaction, i.e. the chemistry,
of various organic molecules with the Ru(001) surface as a function of fractional surface coverage and
temperature. We have focused primarily upon the reactions of ethylene and acetylene and their coad-
sorption with hydrogen and oxygen. Additionally, the adsorption and reaction of methylamine and

formic acid have been studied.

The spectroscopic techniques used in these investigations were thermal desorption mass spec-
trometry, high-resolution electron energy loss spectroscopy (EELS), low-energy electron diffraction
(LEED) and Auger electron spectroscopy. Auger spectroscopy, which may be used to identify which
chemical elements are present on the surface and in what concentration was used only to verify the
cleanliness of the Ru(001) surface becéuse the overlap of the ruthenium MNN Auger transition and the
carbon KLL transition made estimates of the carbon coverage quite uncertain (2). The thermal desorp-
tion experiments were designed to elucidate the adsorption and desorption kinetics and thermal stabili-
ties of decomposition intermediates of the various adspecies. Specifically, these experiments address
the following: (1) What species desorb from the surface as a function of temperature; (2) The existence
of different apparent bonding states and possibly different adsorption sites; (3) The nature of lateral
interactions among adspecies; and (4) Desorption kinetics. Electron energy loss spectroscopy is a vibra-
tional spectroscopy that discloses what species exist on the surface as a function of temperature and
coverage and may also indicate their bonding geometry and adsorption sites. This technique has proven
extremely useful in studying the adsorption and decomposition of hydrocarbons. Low-energy electron

diffraction experiments allow determination of whether long-range order exists in an overlayer and may
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under certain circumstances provide absolute fractional coverages.

The adsorption and reaction of ethylene and acetylene with the Ru(001) surface were examined
for several reasons. These studies improve our understanding of the hydrogenation and decomposition
of alkenes and alkynes and establish possible intermediates in the hydrogenolysis, hydrogenation, iso-
merization and dehydrogenation reactions of other hydrocarbons over ruthenium catalysts. In particular,
we have examined the dehydrogenation, hydrogenation and desorption of these species, identified the
decomposition intermediates and their possible bonding configurations. The observed temperatures of
desorption and thermal decomposition have also been used to estimate bond strengths and activation
energies of desorption. Recent investigations of the decomposition of ammonia under both UHV condi-
tions and at higher pressures of nearly one atmosphere indicate that these activation energies and the
associated preexponential factors may be applicable over broad ranges in pressure (3). Thus, the
kinetic, thermodynamic and mechanistic data generated from the ethylene investigations should prove
valuable in understanding the hydrogenation of ethylene over supported ruthenium catalysts at higher
pressures. These studies also facilitate comparison of the reactions of hydrocarbon species on the sur-
face with those of similar ligands in organometallic clusters (4). Finally, the interaction of ethylene
with the Ru(001) surface precovered with oxygen adatoms was examined in order to elucidate the role

of poisons in the surface chemistry of hydrocarbons.

Previous investigations of the molecular adsorption of unsaturated hydrocarbons on Group VIII
transition metal surfaces display a tendency for the carbon atoms of these species to rehybridize upon
adsorption (5-26). On most surfaces, the carbon atoms of ethylene rehybridize to nearly sp?, although
on cobalt and palladium surfaces the ethylene is thought to be m-bonded (5-20). The carbon atoms of
chemisorbed acetylene rehybridize to between sp? and sp® following adsorption on the Fe(110), Fe(111),
Ni(111), Ni(110), Pd(110), Rh(111), Pd(111), Pd(100) and Pt(111) surfaces (5,6,8,19,21-26). This baral—
lels the tendency of alkynes to react with metal clusters such that the carbon atoms bond with three or
four metal atoms with extensive rehybridization occurring (27). The decomposition intermediates of
unsaturated hydrocarbons on these metal surfaces have also been identified spectroscopically. There

appears to be a general tendency towards more complete dehydrogenation on the reactive iron, cobalt
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and nickel surfaces upon which ethylene decomposes rapidly to acetylene, acetylide (CCH) or carbon
adatoms (5-10), and acetylene forms methylidyne (CH) (5,6,8,12,21-22). In contrast, on platinum, rho-
dium and palladium, ethylene forms ethylidyne (CCH,) or vinyl (HCCH,) (11-20), while acetylene
forms vinylidene (CCH,), acetylide (CCH) or ethylidyne (19,21,23-26). In none of these investigations,

however, was a full decomposition mechanism for either ethylene or acetylene delineated.

This thesis attempts to describe fully the decomposition reactions of ethylene and acetylene on
the Ru(001) surface by examining adsorption on the clean surface, coadsorption experiments with
hydrogen and carbon monoxide, and isotopic exchange experiments with deuterium. Additionally, we
have investigated the reaction of ethylene with a chemically modified surface, the Ru(001) surface
precovered with well-characterized, submonolayers of oxygen. The addition of oxygen to a transition
metal surface lowers the Fermi level with respect to the vacuum level. The resultant increased separa-
tion between the Fermi level and the unoccupied n* orbital of an unsaturated hydrocarbon, such as
ethylene, may inhibit backdonation of electron density to the adsorbate. Consequently, ethylene
adsorbed on oxygen precovered surfaces tends to be n-bonded rather than di-o-bonded. The addition of

oxygen also lowers the binding energies of coadsorbates and therefore may alter the decomposition

intermediates of ethylene.

The reaction of methylamine with the clean Ru(001) surface was investigated as a comparison to
the surface chemistry of both methanol (28), in which the NH, group of methylamine is replaced by an
OH group, and formamide (NH,CHO), which has also been investigated previously (29). This work
further elucidates the effects of the lone pairs of electrons on the nitrogen (or oxygen) atom upon the
bonding of these species. Finally, the interaction of formic acid with ruthenium was explored further to

better understand the details of the decomposition reactions (30).
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CHAPTER 11

The Interaction of Ethylene with the Ru(001) Surface

L Introduction

0. Experimental Procedures
OI.  Results

IV.  Discussion

V. Conclusions

[This chapter was published as a paper by M. M. Hills, J. E. Parmeter, C. B. Mullins and W. H. Wein-

berg in The Journal of the American Chemical Society 108, 3554 (1986).]
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Abstract

The interaction of ethylene with the Ru(001) surface has been investigated via high resolution
electron energy loss spectroscopy and thermal desorption mass spectrometry. Following desorption of
an ethylene multilayer at 110 K, di-o-bonded molecular ethylene is present on the surface. Competing
desorption of molecular ethylene and dehydrogenation to form adsorbed ethylidyne (CCH,) and ace-
tylide (CCH) as well as hydrogen adatoms occur between approximately 150 and 260 K. The ethyli-
dyne is stable to approximately 330 K, whereupon it begins to decompose to carbon and hydrogen
adatoms. The desorption of hydrogen occurs in a sharp peak centered at 355 K, resulting from simul-
taneous ethylidyne decomposition and desorption of surface hydrogen. Further annealing of the over-
layer to 380 K causes cleavage of the carbon-carbon bond of the acetylide, creating carbon adatoms and
adsorbed methylidyne (CH). The methylidyne decomposes above 500 K with accompanying hydrogen

desorption, leaving only carbon adatoms on the surface at 700 K.



1. Introduction

The adsorption and reaction of ethylene on single crystalline surfaces of the Group VIII transition
metals (1-17) has been the subject of intense study both as a prototype for olefin hydrogenation and
dehydrogenation reactions (18-21) and to provide a basis for comparing the bonding of olefins to sur-
faces with the bonding that has been observed to occur in multinuclear homogeneous organometallic
cluster compounds. Spectroscopic studies of ethylene adsorbed on these surfaces have shown that both
the nature of the bonding of molecular ethylene to the substrate as well as the thermal decomposition
pathway of the adsorbed ethylene vary widely. For example, ethylene rehybridizes to a di-o-bonded
molecular species when adsorbed on Fe(110), Fe(111), Ni(110), Ni(111), Ni[5(111)x(110)], Pt(111) and
Pt(100} (1-7), whereas molecularly adsorbed ethylene on Co(001) at 115 K is m-bonded (8), as is
ethylene adsorbed on Pd(111) at 150 K and on Pd(110) at 110 K (6,9-13,17). A mixed overlayer of n-
and di-o-bonded ethylene forms on Pd(100) at 150 K (14,15). Ethylene adsorption on the Ru(001) sur-
face has been studied recently by Barteau, and co-workers (22). A detailed comparison between our

more complete study and the preliminary results of Barteau, et al. (22) is presented in Sect. IV.

The thermal decomposition of ethylene (ultimately to hydrogen and surface carbon) on the sur-
faces mentioned above has been investigated by vibrational electron energy loss spectroscopy (EELS),
thermal desorption mass spectrometry (TDMS), and UV photoelectron spectroscopy. The thermal
decomposition intermediates in ethylene dehydrogenation on Fe(110), Ni(111), Ni[5(111)x(110)] and
Ni(110) are acetylene and acetylide (CCH) (1,3,4). Stuve and Madix have postulated the formation of a
vinyl group from ethylene adsorbed on Pd(100) (14,15). On Co(001) and Fe(111) no stable surface
intermediates were observed; chemisorbed ethylene evidently dehydrogenates completely just below
room temperature to carbon and hydrogen (2,8). On Pt(111), Rh(111), Pd(111) and Pt(100), chem-
isorbed ethylene dehydrogenates to form ethylidyne below 300 K (7,9-13,16,23). Thus ethylene
adsorbed on the close-packed surfaces of each of the 4d and 5d Group VIII metals studied previously
forms ethylidyne (24). On the other hand, ethylene adsorbed on all of the surfaces of the 3d Group
VIII metals studied to date, including the close-packed surfaces, dehydrogenates more completely to

acetylene, acetylide or directly to carbon. Hence it is of fundamental interest to determine whether



10
ethylene adsorbed on the Ru(001) surface behaves as it does on the other hexagonal 4d and 5d transi-
tion metal surfaces studied previously [Rh(111), Pd(111), Pt(100) and Pt(111)], or whether it dehydro-

genates more completely, as it does on the hexagonal Ni(111) and Co(001) surfaces.

II.  Experimental Procedures

The experimental measurements were conducted in t(wo different ultrahigh vacuum (UHV)
chambers, each with base pressures below 1 x 107!° Torr. The first UHV chamber is equipped with a
quadrupole mass spectrometer, a single pass cylindrical mirror electron energy analyzer with an integral
electron gun for Auger electron spectroscopy, and LEED optics. All thermal desorption measurements
were carried out in this chamber; data were collected using an LSI-11 DEC laboratory computer, and
linear heating rates of 5-15 K/s were employed. A glass enclosure was placed around the ionizer of the
mass spectrometer, and a small aperture in the front of the glass envelope permited sampling of gas that
was desorbed only from the well-oriented front of the single crystal. Thus the effects of desorption
from the edge of the crystal, the support leads, and the manipulator are excluded from the thermal

desorption spectra (26).

The second UHV chamber contains both a quadrupole mass spectrometer and a home-built EELS
spectrometer of the Kuyatt-Simpson type (27,28). The energy-dispersing elements in the EELS mono-
chromator and rotatable analyzer are 180° hemispherical deflectors. The "off-specular” EEL spectra
were measured with the analyzer rotated 7-10° from the specular direction, toward the surface normal.
All EEL spectra were measured using a beam energy of 4 eV and with the incident beam approximately
60°¢ from the surface normal. The instrumental resolution (full-width at half-maximum of the elastically
scattered peak) varied between 60 and 80 cm™, while maintaining a count rate of approximately 3 x
10° cps in the elastic peak. A more extensive description of these UHV chambers as well as the pro-
cedures followed for cutting, polishing, mounting and cleaning the Ru(001) crystals have been discussed
in detail previously (27-30). The cleanliness of the surfaces was monitored with Auger spectroscopy in

the first chamber and with EELS in the second.

Research purity hydrogen (99.9995%), and C.P. grade deuterium and ethylene (99.5%) were pur-

chased from Matheson. Research purity tetradeuterated ethylene (99.99%) was obtained from Merck
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and Co. The H,, D, and C,D, were used without further purification, whereas the C,H, was subjected
to freeze-thaw-pumping cycles prior to use. The purity of all gases was verified in situ with mass spec-

trometry.

IX. Results

Typical thermal desorption spectra following exposure of the Ru(001) surface to 1L {IL = 1
Langmuir = 1 x 107 Torr-s) or more of C,H, at 90 K are shown in Fig. 1(a) and (b) (31). Only hydro-
gen and ethylene are observed to desorb from the surface. In particular, no ethane, methane or acet-
ylene are detected as judged by the absence of 30 and 16 AMU peaks and by comparison of the 28, 27

and 26 AMU peaks to the cracking pattern of ethylene.

Figure 1(b) establishes that most of the hydrogen, after an ethylene exposure exceeding 0.6 L,
desorbs in a sharp peak centered at 355 K (independent of coverage), with a small high temperature
shoulder above 400 K and a broad tail extending from 500 to 700 K, of which the latter represents 10-
15% of the desorbing hydrogen. It will be shown below that the major peak corresponds to the desorp-
tion of hydrogen enhanced by the decomposition of ethylidyne (one of the decomposition products of
ethylene), the shoulder corresponds to desorption-limited hydrogen from the surface, and the high tem-
perature tail corresponds to the dehydrogenation of surface methylidyne (another decomposition prod-
uct). The thermal desorption spectrum of molecular ethylene [cf. Fig. 1(a)] shows that ethylene desorbs
in a sharp peak centered near 110 K, followed by a broad peak, of which the tail extends to approxi-
mately 250 K. As discussed below, EEL spectra of the surface on which ethylene is adsorbed and
which is annealed to various temperatures show that the higher temperature peak corresponds to the
desorption of di-o-bonded ethylene, while multilayer ethylene desorbs in the lower temperature
peak.  The "multilayer” peak shown in Fig. 1(a) actually corresponds to only desorption from a
second layer. This multilayer peak does not saturate with increasing ethylene exposure, however, and is
sufficiently intense following a 15 L exposure of ethylene that it obscures the desorption peak due to

chemisorbed ethylene.

For lower exposures of ethylene, below 0.6 L, the hydrogen thermal desorption spectra are quite

different. The thermal desorption spectrum of H, after an ethylene exposure of 0.2 L, shown in Fig.
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1(c), contains a high temperature tail terminating below 600 K, which is due to methylidyne decomposi-
tion, and a rather broad peak centered at 420 K that shifts to lower temperature as the initial surface
coverage of chemisorbed ethylene increases. The latter is essentially identical to that which is observed
after adsorption of hydrogen on the clean Ru(001) surface (32). The maximum rate of H, desorption
shifts from 420 K for an ethylene exposure of 0.2 L to 395 K for a 0.4 L exposure, and then drops to
355 K for all ethylene exposures exceeding 0.6 I.. The decrease in peak temperature for exposures of
ethylene below 0.6 L is indicative of second-order desorption kinetics of surface hydrogen. For these

lower exposures of ethylene, below 0.6 L, no desorption of molecular ethylene is observed.

Figures 2(a) and (b) show the EEL spectra of 4 L of C;H4 and 3 L of C,D,, respectively,
adsorbed at 80 X on the Ru(001) surface. Consistent with the thermal desorption spectra, a comparison
of the observed energy loss features to IR and Raman spectra of gaseous, liquid and solid ethylene [cf.
Table 1 (33,34)] demonstrates that the overlayers of Fig. 2 correspond to molecular multilayers. Note
the intense CH, wagging mode at 970 cm™, which is the best fingerprint of molecular ethylene mul-
tilayers, and also of the carbon-hydrogen stretching mode at 3000 cm™. The frequencies of both these
modes are characteristic of an sp® hybridized carbon atom. Table 1 also shows that the isotopic shifts

for multilayer C,D,4 on Ru(001) are in good agreement with those of C,Dy(g).

Annealing these overlayers to 110 K desorbs the multilayer, as shown in the thermal desorption
spectra [cf. Fig. 1(a)], leaving di-o-bonded ethylene, which is stable to 150 K. The EEL spectra of this
chemisorbed species are exhibited in Fig. 3(a) for C,H, and Fig. 3(b) for C,D,. The rehybridization of
the carbon atoms to nearly sp® is reflected in the shifts of the CH, wagging mode and the carbon-
hydrogen stretching mode to 1145 and 2985 cm™!, respectively. The shoulder at 1040 cm™ is probably
due to the carbon-carbon stretching mode, but it is poorly resolved from the CH, twisting mode in C,H,
and the CD, wagging mode in C,D, both of which are at 900 cm™'. A carbon-carbon stretching fre-
quency of 1040 cm™ is consistent with the rehybridization of the carbon atoms of ethylene to sp’.
Other modes of di-c-bonded ethylene are the symmetric ruthenium-carbon stretching mode at 460 cm™
(420 cm™! for C,D,), the CH, rocking mode at 775 cm™, the CH, twisting mode at 900 cm™ (700 cm™

for C,D,) and the CH, scissoring mode at 1450 cm™ (1210 cm™ for C,D,). The CD, rocking mde of
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di-c-bonded C,D, was not resolved in Fig. 3(b) due to the poorer cutoff in the elastic peak. The sym-
metric ruthenium-carbon stretching mode of di-o-bonded C,D, also contains a small contribution from
v(Ru-CO). The symmetric and asymmetric carbon-hydrogen stretching modes of C,H, at 2940 and

3050 cm™ were resolved in spectra similar to Fig. 3(a).

Peak assignments for di-o-bonded ethylene (both C;Hy and C,D,) on Ru(Q01) are compared in
Table 2 with these data as well as with IR data for C,H;Brq(g), C,Ha(g), Zeise’s salt, and low-valent
nickel complexes [Ni(C;Hy), and Niy(CoHy), n = 1,2,3] (1-4,7,33,35,36). A comparison of the fre-
quencies of the modes of di-c-bonded C,Hs on Ru(001) to these data shows that ethylene undergoes
rehybridization on the Ru(001) surface as on Ni(110), Ni(111) and Fe(110) (1,3-5). The existence of a
n-bonded ethylene admolecule can be excluded by a comparison to the IR data for Zeise’s salt and
Ozin’s nickel complexes, which have, among other differences, higher frequency CH, rocking modes

and carbon-carbon stretching modes.

A comparison of EEL spectra of di-o-bonded ethylene with spectra of diazomethane led to an
original assignment of the spectrum of Fig. 3(a) as a bridging methylene species (37). However, a sub-
sequent review of these and other spectra has shown that the reaction of CH,N, to form C,H, and N,
may occur in the gas-dosing lines prior to introduction into the UHV chamber. An assignment of EEL
spectra of uncontaminated diazomethane, which produces p,—CH, groups on Ru(001), is listed in the
last column in Table 2. Additional vibrational data concerning bridging methylene may be found else-
where (39-43). The adsorption of C,H, on Ru(001) with annealing to 110 K produces di-g-bonded
molecular ethylene, which can be distinguished from p,~CH, by the intense CH, twisting mode at 900
I

cm™. In agreement with this conclusion, the thermal desorption spectra of ethylene on Ru(001) show

desorption of molecular ethylene up to 250 K.

In an effort to describe further the character of the di-o-bonded ethylene on Ru(001), isotopic
exchange, thermal desorption experiments of coadsorbed C,H, and C,D, were carried out. In all cases,
only C,Hs and C,D4 desorbed from the multilayer. However, all five isotopically labeled species
(C,Hy, CoH3D, C,H,D,, C;HD; and C,D,) appeared in the di-o-bonded ethylene that desorbs molecu-

larly. Figure 4 shows the relative ratios of these five species that desorb molecularly above 150 K.
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These ratios were obtained by correcting the areas under the thermal desorption peaks of the 26-32
AMU spectra, both for the cracking patterns of the five species and for the relative sensitivity of the
mass spectrometer to each species. (These ratios exclude multﬂayer C,H, and C,D,.) Figure 4 shows
that isotopic exchange is limited, and no one mixed species (C,H;D, C,H,D, or C,HD») is favored over
the other two. On the other hand, the corresponding H,/HD/D, thermal desorption spectra exhibited
complete isotopic exchange. The above results suggest that the isotopic mixing observed for chem-
isorbed ethylene that desorbs molecularly results from exchange between an ethylene admolecule and a
hydrogen (or deuterium) adatom, since the onset of desorption of the mixed molecular ethylene species
(C;HDyx, 1 € x < 3) coincides with the initial decomposition of ethylene to ethylidyne, acetylide and

surface hydrogen via carbon-hydrogen bond cleavage.

Annealing di-o-bonded ethylene to 250 K produces two new carbon-containing surface species as
well as hydrogen adatoms. The modes due to surface hydrogen were not resolved in the corresponding
EEL spectrum shown in Fig. S(a). The weak ldsses of hydrogen adatoms, which occur at 845 and 1115
cm™ (44), were obscured by various carbon-hydrogen and carbon-carbon modes. However, the pres-
ence of hydrogen adatoms was confirmed by stoichiometric considerations and hydrogen postadsorption
experiments, which will be discussed later. The two hydrocarbon fragments present on the surface have
been identified as ethylidyne and acetylide from the EEL spectrum of Fig. 5(a), the corresponding EEL
spectrum of the deuterated species, off-specular EELS measurements, and EEL spectra measured fol-

lowing annealing to various temperatures.

Peak assignments for CCH; and CCD, are compared in Table 3 to IR data for a tricobalt ethyli-
dyne complex as well as EELS results for ethylidyne adsorbed on various close-packed Group VIII
metal surfaces (4,7,16,45). A triruthenium ethylidyne complex has also been synthesized, but no
relevant IR data have been published (46). For all of the ethylidyne adspecies listed in Table 3, the
carbon-carbon stretching mode produces a strong, dipolar enhanced peak. By analogy to the structure
of the triruthenium and tricobalt organometallic compounds, and considering the relative intensities of
the (dipolar enhanced) carbon-carbon stretching modes, the carbon-carbon bond axis of each of the

ethylidyne adspecies is nearly perpendicular to the surface plane. A comparison of the EELS losses for
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CCH, and CCD; on Ru(001) with IR data for (C0)oCo4(tt3-CCHs) and (COYCos(13-CCDs) (cf. Table 3)

shows that the structure and bonding of the ethylidynes in the two cases are quite similar.

The acetylide species is characterized by a carbon-hydrogen bending mode at 750 cm™, a
carbon-hydrogen stretching mode at 2960 cm™, and a carbon-carbon stretching mode at 1290 cm™.
The vibrational modes of acetylide are partially obscured by the ethylidyne modes because the ratio of
ethylidyne to acetylide present in Fig. 4(a) is approximately 3:2, on the basis of hydrogen thermal
desorption measurements. Annealing this overlayer to 360 K decomposes the ethylidyne, leaving acet-
ylide, carbon and a small concentration of hydrogen adatoms on the surface. Thus the modes of the
acetylide are completely resolved in spectra measured after annealing the overlayer to 360 K [cf. Fig.
5(b)]. This acetylide also forms from the thermal decomposition of acetylene and is discussed in
greater detail in a separate paper (47). We merely note here that these assignments agree quite well
with those of Kesmodel et al. for acetylide on Pd(100) for which §(CH) is 750 cm™, v(CC) is 1340

cm? and V(CH) is 3000 cm™ (48,49).

The EEL spectra of the deuterated acetylide show that the carbon-deuterium bending mode of
CCD downshifts to 550 cm™ from 750 cm™ for CCH (cf. Table 4), which compares well with the
value of 8(CD) of 540 cm™ for CCD on Pd(100) (48,49). We also observe a slight shift in v(CC) from
1290 cm™ in CCH to 1260 cm™ in CCD, and the expected shift in v(CD) from 2960 cm™ in CCH to
approximately 2210 cm™ in CCD. These losses persist up to 380 K, where cleavage of the carbon-

carbon bond of the acetylide occurs, forming surface carbon and methylidyne.

The adsorbed methylidyne is identified from the EEL spectrum of Fig. 5(c) with v(RuC) at 465
cm™, §(RuCH) at 810 cm™ and v(CH) at 3010 cm™, of which the latter two are significantly higher
than the corresponding modes of the acetylide. The disappearance of the 1200 cm™ carbon-carbon
stretching mode of acetylide upon annealing to 500 K also assists us in distinguishing acetylide and
methylidyne. The mode at 570 cm™ in Fig. S(c) is the carbon-metal stretching mode of carbon
adatoms and/or carbon dimers. The broad feature at 1100-1600 cm™ may be attributed to the carbon-
carbon stretching mode of these dimers. The vibrational modes of the methylidyne are compared in

Table 5 to those of high temperature (T>400 K) methylidynes on various transition metal surfaces, as
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well as tricobalt and triruthenium p,-CH complexes (1,2,4,9,10,50-53). Our assignments agree quite
well with those of methylidyne adsorbed on the Fe(111), Ni(111) and Pd(111) surfaces and are con-
sistent with those of the organometallic complexes. The isotopic shifts of the vibrational modes of

methylidyne adsorbed on Ru(001) are also in agreement with those of (C0),Cos(1s-CD).

All of the methylidyne modes are eliminated by annealing the Ru(001) surface above 700 K.
After this annealing, weak modes near 600 cm™ and 1100-1600 cm™ are observed, which are attributed
to v(RuC) of carbon adatoms and dimers, and v(CC) of carbon dimers. These modes are present in the
EEL spectra of both C,H, and C,D,. No other features are present in the high temperature EEL spec-
tra, supporting the thermal desorption results, which show complete desorption of hydrogen (and

ethylene) below 700 K.

Bearing in mind what we have learned from EELS concerning the decomposition of ethylene on
Ru(001), we now return to a more detailed analysis of the thermal desorption spectra. In the case of
ethylene adsorbed on the Ru(001) surface, three reactions generate surface hydrogen below 400 K,
namely: (1) C,H4 dehydrogenation to CCH(a) and 3H(a), beginning at 150 K; (2) C,H, dehydrogena-
tion to CCHj(a) and H(a), also beginning at 150 K; and (3) CCH; decomposition to 2C(a) or C,(a) and
3H(a), beginning at 330 K. As shown in Fig. 1(b), a large ethylene exposure produces a sharp peak at
355 K with a shoulder near 400 K in the hydrogen thermal desorption spectrum, followed by a long,
high temperature tail. Since the high temperature tail corresponds exclusively to methylidyne decompo-
sition and represents a small fraction of the total hydrogen that is desorbed (approximately 10%), a
hydrogen mass balance requires that the desorption that occurs below 500 K corresponds to surface

hydrogen from acetylide and ethylidyne formation as well as from ethylidyne decomposition.

For rather low exposures of ethylene, below 0.6 L, the hydrogen thermal desorption spectra are
quite different, although the EEL spectra of all coverages of ethyléne adsorbed on Ru(001) are qualita-
tively the same. The thermal desorption spectrum of hydrogen following a low ethylene exposure con-
tains a prominent peak (which shifts as a function of coverage) and also a high temperature tail [cf. Fig.
1(c)]. As shown by the EELS results, the tail corresponds to hydrogen desorption that is limited by

methylidyne decomposition. The hydrogen desorbing in the major peak is due to surface hydrogen
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from ethylene decomposition to ethylidyne and acetylide, and ethylidyne decomposition to surface car-
bon, as is the hydrogen desorbing in the 355 K peak following higher ethylene exposures. The shift in
this peak as a function of ethylene coverage indicates that the desorption of this hydrogen is
desorption-limited. This is confirmed by experiments conducted on the carbonaceous residue that
remains after annealing to 700 K the ruthenium surface that had been exposed to 0.4 L C,H, at 100 K.
Hydrogen was adsorbed on this carbonaceous residue at 90 K, and then a thermal desorption measure-
ment was carried out. The thermal desorption spectra showed that the major hydrogen thermal desorp-

tion peak was repopulated, confirming that this peak is due to desorption of surface hydrogen.

The sharp peak at 355 K in the thermal desorption spectra of hydrogen following an exposure of
ethylene exceeding 0.6 L. consists of surface hydrogen formed from ethylene decomposition at lower
temperatures (150-280 K) and driven by the presence of that hydrogen from ethylidyne decomposition.
The maximum rate of the latter occurs at 355 K. The high temperature shoulder on this peak (near 400
K) corresponds to desorption of residual surface hydrogen. That the sharp peak at 355 K and its high
terperature shoulder are derived from surface hydrogen has been confirmed by hydrogen postadsorption
experiments. First, the Ru(001) surface was exposed to 5 L of C,H, at 90 K, annealed to 800 K,
cooled to 90 K, and exposed to 30 L of hydrogen. A subsequent thermal desorption spectrum ([Fig.
6(b)] shows a peak at 355 K with a high temperature shoulder (54). A comparison with the hydrogen
thermal desorption spectrum after an exposure of 5 L of C,H, [Fig. 6(a)] shows that less hydrogen is
present in the 355 K peak of Fig. 6(b) and that the leading edge of the peak in this spectrum is not so
sharp. These differences are due solely to the presence of ethylidyne decomposition in Fig. 6(a) and its

absence in Fig. 6(b).

In a second experiment, the ruthenium surface was exposed to 0.4 L of C,H,, followed by 1 L of
H, at 90 K. A subsequently measured hydrogen thermal desorption spectrum [Fig. 7(a)] was unlike that
following an exposure of 0.4 L of C,H, [Fig. 7(b)]. Rather, it appears qualitatively similar to that
observed after an exposure of 1 L of C,Hy [cf. Fig. 1(b)], in that both spectra contain sharp peaks at
355 K. The major difference between the two spectra of Fig. 7 is that more hydrogen adatoms are

present in spectrum (a), and this is reflected in the much more prominent high temperature shoulder.
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Furthermore, more ethylidyne is formed relative to acetylide following the postadsorption of hydrogen,

suggesting that this branching rado is a function of hydrogen coverage. This will be discussed in

greater detail in Sect. IV.

To summarize, at all coverages ethylene adsorbs in a di-o-bonded configuration that decomposes
to ethylidyne, acetylide and surface hydrogen above 150 K. The ethylidyne dehydrogenates above 330
K generating additional surface hydrogen. The surface hydrogen desorbs at a temperature that,
decreases with increasing coverage following ethylene exposures below 0.6 L, and at 355 K following
higher exposures of ethylene. The acetylide decomposes to carbon adatoms and methylidyne near 380
K. Finally, methylidyne decomposes, evolving hydrogen, after annealing above 500 K. For exposures
of ethylene below 0.6 L, complete decomposition of methylidyne occurs below 600 K. For higher
ethylene exposures, the carbon adatoms (which are present in a higher concentration on the surface) sta-
bilize the methylidyne, such that methylidyne decomposition extends up to 700 K. A plot of ethylene
coverage as a function of ethylene exposure as well as a plot of the fractional coverage of ethylene

which desorbs molecularly as a function of ethylene exposure are presented in Fig. 8.

IV. Discussion

As described in Sect. IIl, ethylene chemisorbs on the Ru(001) surface in a di-o-bonded
configuration (at a surface tempeature below 150 K), and at 80 K condenses into a molecular multilayer
that resembles the free ethylene molecule (cf. Table 1). As may be seen in Fig. 2, all five IR active
modes of ethylene appear in the EEL spectra of the molecular multilayer. In addition, the carbon-
carbon stretching mode, the CH, rocking mode, and the asymmetric CH, scissoring mode were resolved

in some spectra. These modes are excited via an impact scattering mechanism.

Chemisorbed ethylene, which- is stable below 150 K, is di-o-bonded to the Ru(001) surface, and
assignments of the observed vibrational modes are listed in Table 2. This molecularly chemisorbed
ethylene on the Ru(001) surface appears to undergo a somewhat greater degree of rehybridization than
it does on the Ni(110), Ni(111) and Fe(110) surfaces (1,3-5). The differences in frequency between the
CH, twisting and scissoring modes of C,H, on Ru(001) and on Fe(111) are not unexpected, since

ethylene on Fe(111) is severely tilted with respect to the surface plane such that two hydrogens are
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subject to multicenter interactions, which are manifest by a softened v(CH) mode at 2725 cm™ (2).

This distorted geometry downshifts both the CH, wagging and scissoring modes.

Rather little can be said conclusively conceming the symmetry of the di-c-bonded ethylene on
Ru(001). Application of the dipolar selection rule would imply that the symmetry of the adsorbate-
substrate complex is Cy, since both the CH, rocking and twisting modes appear in Fig. 3(a). However,
EEL spectra measured off-specular show that these modes are largely impact excited, and therefore, the
dipolar selection rule does not apply. Hence, the symmetry of di--bonded ethylene on Ru(001) remains
indeterminant. A near-edge X-ray absorption fine structure (NEXAFS) study of ethylene adsorbed on
Pt(111) at 90 K by Horsley and co-workers (55) has shown that ethylene is symmetrically di-o-bonded
to two platinum atoms with the carbon-carbon bond axis parallel to the surface and a carbon-carbon
bond length of 1.49 + 0.03 angstrom. We expect that di-o-bonded ethylene would be absorbed simi-

larly on the Ru(001) surface.

Barteau et al. (22) have reported a di-o-bonded ethylene species on Ru(001) with a carbon-carbon
stretching mode at 1330 ¢cm™. Our results indicate that their assignments are incorrect, however, for
the following reasons. First, they adsorbed ethylene at 170 K, a temperature at which we have shown
that di-c-C,H, has begun to decompose, forming a mixed overlayer of C,H,(a), CCH4(a), CCH(a) and
H(a). Thus the modes they identify as resulting from di-o-C,H, are, in fact, a combination of di-o-
C,H4, CCH; and CCH modes. The 1330 cm™ loss, which they assign to v(CC), is actually the 8(CH,)
mode of ethylidyne. This feature becomes more intense with further annealing, which decomposes the
C;H4(a) and produces more ethylidyne. Furthermore, our EEL spectra of C,D, on Ru(001) annealed to
170 K show clearly that the previous assignment (22) is incorrect, because the 1330 cm™ loss down-
shifts to 1000 cm™ in the deuterated spectra, and there are no modes of comparable intensity to the
1330 cm™ mode between 1150 and 2190 cm™ in the deuterated spectra. Barteau and coworkers (22)
did not measure any EEL spectra of deuterated ethylene and thus could not distinguish carbon-carbon
vibrational modes from hydrogenic modes. A comparison of the EEL spectra of C,H, and C,D, is
essential to the correct identification of these vibrational modes. As shown in Tables 2, 3 and 4, EEL

spectra of C;D,4 on Ru(001) annealed between 110 and 400 K confirm our mode assignments for the
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three adspecies, di-o-bonded ethylene, ethylidyne and acetylide. Finally, we note that a carbon-carbon
stretching frequency of 1040 cm™ is more reasonable than one of 1330 cm™ for an sp® hybridized
hydrocarbon species, and it is consistent with the carbon-carbon stretching mode observed at 1135 ¢cm™
for acetylene chemisorbed on Ru(001) (47). It would be expected that v(CC) of chemisorbed ethylene
on Ru(001) would be lower than this value, ruling out the assignment of the 1145 cm™ mode to v(CC)

of C,H,. Furthermore, the 1145 cm™ mode shifts considerably (to 900 cm™) in the spectra of C,D,

and certainly cannot be due to v(CC).

No LEED patterns other than the (1x1) of the substrate were observed for the ethylene overlayer
between 90 and 300 K. Hence LEED measurements cannot aid in a determination of the ethylene sur-
face structure or absolute coverages. However, thermal desorption results for C,H, and H, have been
used to estimate the ethylene coverage using the known saturation fractional coverage of hydrogen
(0.86) (32). The ethylene coverage (excluding the multilayer) is presented as a function of ethylene
exposure in Fig. 8(a). From this figure, we see that the saturation (fractional) coverage of chemisorbed
ethylene is approximately 0.30. Figure 8(a) was used also to obtain the initial probability of adsorption
of ethylene at 100 K, which was found to be unity within the limits of experimental uncertainty. The
activation energy of desorption (equal to the heat of adsorption) of di-o-bonded C,H, was estimated
from the thermal desorption measurements. Using the method of Redhead (56) and assuming a preex-
ponential factor of 10"*~10' s™, we obtain a value of approximately 11.6 + 1 kcal/mole. Considering
the changes in bond strengths due to rehybridization of the carbon atoms, we have also estimated that
the binding energy of di-g-bonded ethylene is between 105 and 135 kcal/mole. Thus, the observation

of a low heat of adsorption for chemisorbed ethylene on Ru(001) does not imply that the ruthenium-

carbon bond is weak.

 When the saturated overlayer of chemisorbed ethylene is annealed to 250 K, approximately 20%
of the ethylene desorbs, while the remainder dehydrogenates to ethylidyne, acetylide and surface hydro-
gen. The stoichiometry of the ethylidyne formed by ethylene decomposition on Py(111) was confirmed
by hydrogen thermal desorption spectra in which approximately 25% of the total hydrogen desorbed

from the surface at 300 K, the same temperature at which ethylidyne was shown to form via EELS
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(57). Unfortunately, the hydrogen from ethylidyne formation remains adsorbed on the Ru(001) surface,
ultimately desorbing with hydrogen from ethylidyne decomposition. Hence, we are unable to confirm
directly the stoichiometry of the ethylene decomposition products from hydrogen thermal desorption
spectra. The ethylidyne on Ru(001) begins to decompose at approximately 330 K, whereas the ethyli-
dyne formed on Pt(111) is stable to 400 K (7). The reduced stability of ethylidyne on Ru(001) is
undoubtedly due to the stronger metal-hydrogen and metal-carbon bonds formed on the ruthenium sur-
face, which makes the decomposition of ethylidyne via metal-hydrogen and metal-carbon bond forma-

tion more favorable both thermodynamically and kinetically.

The identification of ethylidyne and acetylide as the decomposition products of di-o-bonded
ethylene on Ru(001) can be contrasted to the results of Barteau et al. (22), who only identified ethyli-
dyne. We also note that Barteau assigned the p(CH;) mode of ethylidyne to a loss at 870 cm™. We
observed no such mode in our EEL spectra and cannot account for this discrepancy, but merely mention
that our assignment of the 1000 cm™ loss to p(CHj) and the observed isotopic shift to 800 cm™ for

p(CDs) are in agreement with the frequencies observed for other ethylidyne species.

Our EEL spectra of the thermal evolution of ethylidyne and acetylide on Ru(001) and comple-
mentary thermal desorption spectra show that virtually all of the ethylidyne dehydrogenates to surface
carbon below 360 K leaving only CCH(a) and H(a) on the surface. Thus, an EEL spectrum measured
after annealing to 360 K [Fig. 5(b)] contains only the loss features of acetylide, permitting unambiguous
identification of this intermediate. The observation of the carbon-hydrogen bending mode of acetylide
at 280 K, prior to the onset of ethylidyne dehydrogenation implies that acetylide is not a decomposition

product of ethylidyne. Further proof of this assertion comes from CO and C,H, coadsorption experi-

ments (58).

By analogy to all relevant organometallic ethylidyne complexes synthesized to date, it is almost
certain that the carbon-carbon bond axis of ethylidyne on Ru(001) is very nearly perpendicular to the
surface. This configuration is also supported by the strong intensity of the v(CC) mode of ethylidyne at
1140 cm™ in the EEL spectrum of Fig. 5(a) and its predominantly dipolar character. Furthermore it is

very probable that ethylidyne is bonded to the Ru(001) surface in a threefold hollow site both by anal-
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ogy to the trimetal u,-CCH; complexes (45-46) and by the observation of ethylidyne only on hexagonal
surfaces (4,7,16). A further indication of this bonding of ethylidyne on Ru(001) is provided by NEX-
AFS results of ethylidyne on Pt(111) (55), which showed that the ethylidyne is symmetrically bonded to

three platinum atoms with the carbon-carbon bond axis essentially perpendicular to the surface.

Next, we consider the effects of simultaneous ethylidyne decomposition and hydrogen desorption
on the observed shape of the hydrogen thermal desorption peak. When the Ru(001) surface on which
ethylene is adsorbed (exposures above 0.6 L) is annealed to 300 K, hydrogen desorption is observed. In
these measurements, hydrogen desorbs at this low temperature due to its higher surface coverage. As
the overlayer is annealed to 330 K, additional hydrogen desorbs, and ethylidyne begins to dehydrogen-
ate, replenishing the supply of surface hydrogen. Thus, adjacent to the decomposing ethylidyne, an area
of high local density of hydrogen adatoms is formed, which accelerates the rate of desorption of hydro-
gen and gives the hydrogen thermal desorption peak a sharp leading edge. Comparing Figs. 6(a) and
(b), we see that the high temperature shoulder on the 355 K hydrogen thermal desorption peak results

from residual surface hydrogen.

For these higher exposures of ethylene, the temperature of the hydrogen thermal desorption peak
remains at 355 K independent of coverage. Ethylidyne decomposition dictates this hydrogen desorption
since the desorption of hydrogen occurs at a lower temperature in a broader peak at higher hydrogen
adatom coverages (from the adsorption of hydrogen). The adsorption and decomposition of ethylene at
high coverages is otherwise identical to that for lower coverages with three exceptions. First, a mul-
tilayer of ethylene forms which desorbs at 110 K. Second, some of the di-c-bonded ethylene desorbs
[cf. Fig. 8(b)]. Finally, the ratio of ethylidyne to acetylide that is formed is increased. Recall that
annealing to 400 K the Ru(001) surface on which ethylene is adsorbed not only decomposes the ethyli-
dyne, but also causes cleavage of the carbon-carbon bond of the acetylide, leaving methylidyne and car-
bon adatoms. The high temperature tail of the hydrogen thermal desorption peak after ethylene adsorp-
tion corresponds to dehydrogenation of methylidyne. Consequently, the ratio of ethylidyne to acetylide
that is formed from ethylene can be obtained from the relative areas of the 355 K peak and the tail.

The acetylide coverage is equal to the coverage of the hydrogen desorbing in the high temperature tail.
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The ethylidyne coverage is obtained by subtracting three times the acetylide coverage from the cover-
age of hydrogen desorbing in the 355 K hydrogen thermal desorption peak and its high temperature
shoulder, and dividing this number by four. We find that a saturation exposure of ethylene decomposes
to ethylidyne and acetylide in the approximate ratio of 60:40, whereas a lower exposure, 0.4 L of C,H,,
yields a ratio of 50:50. Consequently, ethylidyne formation is favored at higher surface coverages.
This result may be interpreted in terms of the number of hydrogen adatoms generated by ethylene
decomposition to ethylidyne (one per C,H,) versus acetylide (three per C,H,). At higher surface cover-
ages more threefold sites, required for hydrogen adatoms, will be either occupied or blocked. Also, the
coverage of hydrogen will be greater as ethylene dehydrogenation proceeds. Thus, the decomposition
product that requires fewer vacant surface sites for formation and is composed of more hydrogen atoms,
ethylidyne, is favored. The dependence of the ratio of ethylidyne to acetylide formed upon the hydro-
gen coverage has also been confirmed by hydrogen thermal desorption experiments measured following
a saturation ethylene exposure at 350 K. At this temperature, the hydrogen adatom concentration on
the surface is reduced. This lower hydrogen coverage caused the acetylide coverage to increase by
approximately 50% compared to the coverage of acetylide formed following a saturation ethylene expo-
sure at 80 K, and annealing to 350 K, as judged by the relative intensities of the high temperature tails

in the hydrogen thermal desorption spectra.

Finally, we discuss briefly the mechanism of dehydrogenation of ethylidyne. The EEL spectra
measured immediately following the decomposition of ethylidyne show no enhancement of the carbon-
hydrogen bending mode of acetylide and provide no evidence for methylidyne formation. Thus, we can
rule out both acetylide and methylidyne formation from ethylidyne decomposition and conclude that
ethylidyne must dehydrogenate completely to either carbon-carbon dimers [with v(CC) at 1100-1600

"in the EEL spectra of Figs. 5(b) and (c)], and hydrogen or carbon adatoms and hydrogen. The

cm”
observed complete dehydrogenation of ethylidyne at a temperature at which acetylide is stable on the
surface is quite important. It implies that the reaction coordinate that results in the loss of the first

hydrogen atom from ethylidyne is not the one that would lead to the stable surface acetylide. A plausi-

ble but most certainly speculative scenario for the dehydrogenation of ethylidyne would involve interac-
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tion with an adjacent threefold hollow site, whereas the stable acetylide (almost certainly not oriented

parallel to the surface plane) has a structure that is rotated 60° with respect to this reaction coordinate.

V. Conclusions

Ethylene chemisorbs on Ru(001) in a di-o-bonded configuration at temperatures below approxi-
mately 150 K. Upon heating, competing molecular desorption, dehydrogenation to acetylide and dehy-
drogenation to ethylidyne occur.The resulting thermal decomposition scheme for a saturation coverage

of chemisorbed ethylene (6 = 0.30) may be depicted as follows:

20%
CyHa(g)
150-280 K 50%
di-o-C,H, > CCHs(a) + H(a))
6 = 0.3)
330-355 K l
355 K

Cy(a) (n=1,2) + 3H(a) P 2H(a) — Hy(g)

30%
L2 CCH(a) + 3H(a) y,

380 K
C(a) + CH(a)
500-700 K \1
C(a) + 1/2Hy(g)

The ethylidyne formed on Ru(001) is less stable than on other Group VIII metal surfaces; e.g., it
begins to decompose to carbon and hydrogen adatoms near 330 K compared to the decomposition tem-
perature of approximately 400 K observed on Pt(111) and Rh(111). Carbon-carbon bond cleavage of
the acetylide occurs at 380 K, producing surface carbon and methylidyne of which the latter dehydrog-
enates between 500 and 700 K. Following ethylene exposures exceeding 0.6 L, desorption of hydrogen
occurs in a sharp peak with a maximum rate of desorption at 355 K, which is limited by ethylidyne
decomposition, in a shoulder at approximately 400 K on this peak due to desorption-limited hydrogen,

and also in a high temperature tail due to methylidyne decomposition. Hydrogen desorption following
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lower ethylene exposures becomes desorption-limited, except for the hydrogen that is evolved from the

decomposition of methylidyne.

To summarize, ethylene adsorbed on Ru(001) produces both ethylidyne and the more extensively
dehydrogenated acetylide. Thus, the behavior of ethylene adsorbed on Ru(001) appears to be intermedi-
ate between the more complete dehydrogenation observed on Ni(111) and Co(001) and the exclusive

formation of the less dehydrogenated stable ethylidyne species found on the hexagonal surfaces of rho-

dium, palladium, and platinum.
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Table 1. Comparison of vibrational frequencies of multilayer C,H, adsorbed on Ru(001) at 80 K
with C2H4 (g), C2H4 (I) and C2H4 (s).

Multilayer
CHy(g) (33) CHy() (34) CyHy(s) 34) | CyH,on

No./Repr. Mode Raman IR Raman IR IR Ru(001)
vy Ag vs(CHjy) 3026 f 3019 3016 3000
vy Boy f 2989 2983 2973
vs By v(CH,) 3103 f 3075 3095
vy Bgy, f 3105 3085 3075
vy Ag wWCC) 1623 f 1621 1620 1616 1630
Vi Ag CH, scis. 1342 f 1340 1339 1336 1350
Vig Bay f 1444 1437 1438 1460
Vg Ay CH2 twist f f ~1010 n.r.
Vs By CH, rock f 1236 1239
Vio By f 810 828 827 860
vy By CH, wag f 949 960 970 970
vg By, 950 f 943

Vs(RuC) 440

Multilayer C,D,

No./Repr. | Mode CyDy(g) 33) on Ru(001)
Vi Ag VS(CDz) 2251 2310
Vi1 B?,u 2200
Vs Blg Va(CDz) 2304 1.1,
Vg BZU 2345
vy Ay v(CC) 1515 1550
Vi Ag CD, scis. 981 1015
Viz By 1078 1175
V4 Ay CD, twist 728 n.r.
Ve Big CD, rock 1009 n.I.
Vig BZu 586
v7 By CD, wag 720 735
Vg B?g 780

Vs(RuC) 425

n.r. = not resolved
f = forbidden
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Table 3. Comparison of vibrational frequencies of ethylidyne.

CCH; on CCH; on CCHyon  CCH; on (COYCo4

Ru(001) at Pd(111)at Pt(111)at Rh(111) at (us-CCHs)
Mode 280K 300K 4) 300K (7) 300K (16) (45)
Vi(CM) A; 480° 409 435vs 450 401
vV.(CM) E n.r. n.E. 600w n.r. 555
p(CH,) E 1000 n.r. 980sh n.r. 1004
v(CC) Ay 1140 1080s 1130vs 1130 1163
5:(CH3) Ay 1370 1334vs 1355vs 1350 1356
5,(CH3) E 1450 1400 1420sh n.r. 1420
vo(CH3) A 2945 2900m 2920 2900 2888
v,(CHy) E 3045 n.r. 3050 3000 2930
Deuterated
Species
v(CM) A, 480 n.r. 410 393
vo(CM) E n.r. n.r. ~600 536
p(CDy3) E 800 n.r. 790 828
v(CC) Ay 1150 1120 1160 1182
5,(CD4) A4 1000 n.r. 990 1002
5.(CDy) E n.r. n.r. 1030 1031
vi(CDy) A 2190 2181 2080 n.r,
v,(CD3) E 2280 n.r. 2220 2192

nr. = not resolved. “Identified from spectra similar to that of Fig. 5(a), but without CO contamination,
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Table 4.  Comparison of vibrational frequencies of acetylide.

CCH on Ru(001) CCH on Pd(100)

Mode at 360 K at 400 K (48,49)
V(CM) 435 n.r.
v(CM) LT, n.r.
S(CH) 750 750
v(CH) 2960 3000
w(CQO) 1290 1340
Mode CCD CCD
V(CM) n.r. nr.
V.(CM) n.r. n.r.
3(CD) 550 540
v(CD) 2210 2220
v(CO) 1260 1340

n.I. = not resolved
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Table 5. Comparison of vibrational frequencies of surface methylidyne species to those of
(CO)4Co4(13-CH) and (CO)oH3Ru;(13-CH).

(co) H (co),Co
CH on CH on CH on CH on 33 403

CH on  Fe(111) Fe(110) Ni(111) Pd(111) R”3(“3'CH) (“3'CH)

Mode Ru(001) (2) (1,50} (4,51) (9,10) 62) 63)
v(CH) 3010 3015 3050 2980 3002 2988 3041
& (MCH) 810 795 880 790 762 894 850
{e)
\,Q(MC) 465 670 715
(ai)
va(MC) n.r. Lol 417
(e)
L{CD) 2250 2268
& (MCD) 615 680
(e)
\..S(MC) hbig 6396
(a.)

wo(Me) Mel . Lo
a
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Figure Captions

Figure 1.

Figure 2.

Figure 3.

Figure 4,

Figure S.

Figure 6.

Figure 7.

Figure 8.

Thermal desorption spectra after C,H, adsorption on Ru(001) at 90 K. (a) C,H, and (b) H,
desorption following a 1 L exposure; and (c) H, desorption following a 0.2 L exposure.

EEL spectra of molecular multilayers of ethylene on Ru(001). (a) 4 L of C,H, at 80 K, and

(b) 3 L of C,D; at 80 K.

EEL spectra of di-c-bonded ethylene on Ru(001). (a) 4 L of C,H, annealed to 139 K, and (b)

3 L of C,D4 annealed to 123 K.

Coadsorption of C;H, and C,Dy4. Relative coverages of C,H,, C,HsD, C,H,D,, C,HD; and
C,;D, from thermal desorption spectra. (a) 0.6 L exposure of C,H, followed by 3 L of C,D,

at 110 K; and (b) 1 L exposure of C,H, followed by 3 L of C,D, at 110 K.

EEL. spectra of 4 L. of C;H, adsorbed on Ru(001) at 80 K and annealed to (a) 280 K, (b) 360
K, and (c) 500 K. Spectrum (a) exhibits the modes of both ethylidyne and acetylide. Spec-
trum (b) is characteristic of acetylide. Spectrum (c) corresponds to methylidyne.

Hydrogen thermal desorption following: (a) exposure of 5 L of C,H,, and (b) exposure of 5 L

of C,H, followed by annealing to 800 K, cooling to 90 K and exposure to 30 L of H,.

Hydrogen thermal desorption following exposures of: (a) 0.4 L of C,H, followed by 2 L of

H,, and (b) 0.4 L of C,H, at 100 K.

(a) Fractional coverage of chemisorbed C,H, as a function of exposure, and (b) fractional cov-
erage of chemisorbed C,H, that desorbs molecularly as a function of exposure. The tempera-

ture of adsorption is 80 K.
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CHAPTER 111

The Coadsorption of Hydrogen and Ethylene,

and Carbon Monoxide and Ethylene on the Ru(001) Surface
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[This chapter has been accepted for publication as an article by M. M. Hills, J. E. Parmeter and W. H.

Weinberg in The Journal of the American Chemical Society.]
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Abstract

A detailed investigation of the coadsorption of ethylene with both preadsorbed hydrogen and
preadsorbed carbon monoxide on the Ru(001) surface is reported here. Both preadsorbed hydrogen and
carbon monoxide reduce the saturation coverage of subsequently chemisorbed ethylene. The coadsorp-
tion of hydrogen with ethylene results in detectable hydrogenation of ethylene to ethane below 280 K,
whereas no self-hydrogenation of ethylene to ethane is observed. High resolution electron energy loss
spectra show that ethylene coadsorbed with either hydrogen or carbon monoxide decomposes to ethyli-
dyne (CCHj) and acetylide (CCH), as it does on the clean surface. Carbon monoxide preadsorption
enhances the stability of the ethylidyne such that it decomposes at approximately 420 K, rather than at
355 K as on the initially clean Ru(001) surface. Preadsorbed carbon monoxide also reduces the ratio of
ethylidyne to acetylide that is formed from ethylene, compared to the ratio observed from an equivalent

coverage of ethylene on the clean surface; hydrogen preadsorption, on the other hand, increases this

ratio.
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1. Introduction

Surprisingly little spectroscopic information is available concemning the interaction of either
hydrogen or carbon monoxide with ethylene on well-characterized, single crystalline transition metal
surfaces, although much insight regarding the hydrogenation and dehydrogenation of ethylene can be
obtained from these measurements. Ratajczykowa and Szymerska (1) have employed mass spec-
trometry under ultrahigh vacuum (UHV) conditions to investigate the coadsorption of ethylene, hydro-
gen and carbon monoxide on Pd(111) between 300 and 330 K, temperatures at which molecularly
adsorbed ethylene and ethylidyne (CCH,) coexist on the clean surface (2). The relatve rates of
ethylene hydrogenation and dehydrogenation were compared as functions of hydrogen and carbon
monoxide coverage. It was found that the coverage of carbon monoxide controlled the hydrogen cover-

age, which governed the rate of ethylene hydrogenation relative to ethylene dehydrogenation.

Self-hydrogenation of ethylene to ethane on the Pt(111) surface been reported by Godbey et al.
(3). The maximum rate of ethane formation occurs at 300 K, and this is reduced to 250 K in the pres-
ence of preadsorbed hydrogen. Coadsorption of deuterium with ethylene led to the evolution of all iso-

topically labeled ethane molecules (C,H,Ds,; x =0, 1, ..., 6).

Isotopic exchange between deuterium adatoms and the ethylidyne that is formed from the thermal
decomposition of ethylene has been studied on the Pt(111) and Rh(111) surfaces (4,5). Using static
secondary ion mass spectrometry and thermal desorption mass spectrometry, Ogle and White (4) have
estimated that this exchange reaction on Pt(111) has an activation barrier of approximately 7 kcal/mole.
Using electron energy loss spectroscopy (EELS), Koel et al. (5) found that deuterium incorporation into
ethylidyne on Rh(111) at 350 K was slow in the sense that significant isotopic exchange was oi)sewed
after only a few minutes following exposure of ethylidyne to 1 atm of deuterium, and they postulated
the existence of an ethylidene (CDCHj) intermediate in the exchange reaction. In neither investigation

was ethylidyne directly observed to be hydrogenated to ethylidene, ethylene or ethane.

The coadsorption of hydrogen and ethylene on ruthenium is of particular interest due to the high
reactivity of this metal for ethylene hydrogenation and its selectivity in the hydrogenation of monosub-

stituted olefins (6). Only rhodium is a more active catalyst than ruthenium for ethylene hydrogenation.
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Knowledge of the interactions of ethylene and hydrogen on the Ru(001) surface will not only clarify the
nature of the hydrogenation reaction of ethylene, but it will also allow important comparisons to the
interactions of ethylene and hydrogen on Pt(111) and Rh(111) surfaces, each of which has hexagonal
symmetry. The interaction between carbon monoxide and ethylene on ruthenium provides information
concerning the effects of a nonreactive coadsorbate on the adsorption, desorption and dehydrogenation
of ethylene. This investigation will also complement previous results for ethylene, acetylene and acet-

ylene plus hydrogen on the Ru(001) surface (7-10).

To understand the interactions of hydrogen and carbon monoxide with ethylene on the Ru(001)
surface, it is necessary first to understand the interaction of hydrogen, carbon monoxide and ethylene
separately with the clean surface. Both the binding site and the adsorption and desorption kinetics of
hydrogen on the Ru(001) surface are well characterized. Hydrogen adsorbs dissociatively in threefold
holiow sites, producing weak electron energy loss peaks at 845 and 1115 cm™ at saturation coverage
(11). Thermal desorption spectra of hydrogen exhibit two peaks at high surface coverages, which result
from interactions among the adatoms rather than the occupation of geometrically inequivalent surface
sites (12). The high temperature peak appears first at low coverages with a maximum rate of desorp-
tion, which downshifts from 450 to 380 K with increasing coverage. The low temperature peak appears
at fractional surface coverages exceeding 0.35, with a maximum rate of desorption occurring near 325
K. The saturation fractional coverage is estimated to be 0.85 + 0.15 (11). The activation energy of
desorption and the corresponding preexponential factor of the desorption rate coefficient are 16.5
kcal/mole and 107 cm?s for fractional coverages of hydrogen below 0.2. The activation energy of
desorption decreases to 10 kcal/mole as the lower binding energy chemisorption state is populated. The
initial probability of adsorption is 0.25 + 0.1 at 200 K, decreasing to 0.12 as the higher binding energy
chemisorption state is filled, and then dropping precipitously to 0.05 as the lower binding energy state is

populated.

Carbon monoxide adsorbs molecularly on Ru(001) with a single carbon-oxygen stretching fre-
quency, which shifts from 1980 to 2060 cm™ as the coverage increases (13,14). Under no cir-

cumstances has CO been observed to dissociate on the clean Ru(001) surface under UHV conditions. A
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(V3 x ¥3)R30°-CO low energy electron diffraction (LEED) pattern is formed with an optimal fractional
surface coverage of 1/3. For this and lower coverages, the magnitude of the carbon-oxygen stretching
frequency suggests that the CO is adsorbed in on-top sites. The observation of bridging CO on this sur-
face has not been reported previously. Michalk and co-workers (15) have confirmed the on-top site
symmetry of the (V3 X V¥3)R30° overlayer with dynamical LEED calculations. They found also that the
CO is adsorbed essentially perpendicularly to the Ru(001) surface with a ruthenium-carbon bond length
of 20 £ 0.1 A and a carbon-oxygen bond length of 1.10 % 0.1 A. The fractional CO coverage at
saturation is 0.65, where a (5V3 x 5V3)R30° coincidence LEED pattern, presumably due to a
compressed CO overlayer, is observed (13). Two peaks are observed in the thermal desorption spectra
of CO (16). The high temperature peak has a maximum desorption rate at approximately 480 K, while
the low temperature peak, which is present at fractional coverages exceeding 1/3, has a maximum rate
of desorption near 410 K. The activation energy of desorption is 38 kcal/mole at low fractional cover-
ages (8co < 0.23) and increases to 42 kcal/mole at 8¢p = 0.33, at which coverage the higher binding
energy peak has filled. It then decreases rapidly to 29 kcal/mole, reaching 26 kcal/mole at saturation
coverage. The preexponential factor of the desorption rate coefficient behaves similarly: its initial
value is 2 x 10'® 5™ increasing to 10" s™! at 8cq = 0.33, and then decreasing to 10'* s as saturation

coverage is approached (16).

The interaction of ethylene with the clean Ru(001) surface has been discussed in detail recently
(7). To summarize, below 150 K ethylene is chemisorbed molecularly in a di-o-bonded configuration.
Competing molecular desorption and dehydrogenation of the di-o-bonded ethylene to ethylidyne, ace-
tylide (CCH) and hydrogen adatoms occurs between 150 and 230 K. As shown by near-edge X-ray
absorption, fine structure and LEED calculations, the ethylidyne on Pt(111) is adsorbed in threefold hol-
low sites (17,18), and it dehydrogenates completely to hydrogen adatoms and either carbon-carbon
dimers or carbon adatoms with no spectroscopically observable, partially dehydrogenated intermediates
(17). The hydrogen desorbs in a sharp peak at 355 K with a shoulder near 420 K for a saturation cov-
erage of chemisorbed ethylene. Cleavage of the carbon-carbon bond of the acetylide, which yields

methylidyne (CH) and surface carbon, is observed at 380 K. Reaction-limited hydrogen desorption
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occurs between 500 and 700 K as the methylidyne dehydrogenates.

Peebles et al. (19) have shown that preadsorption of carbon monoxide suppresses the high tem-
perature thermal desorption peak of postadsorbed hydrogen on the Ru(001) surface. The lower tem-
perature thermal desorption peak of hydrogen both decreases in intensity and shifts to lower temperature
(from approximately 325 to 305 K) with increasing carbon monoxide coverage (20). Although it is not
known whether these observations are the result of lateral H-CO repulsive interactions giving rise to the
formation of high density islands of hydrogen adatoms in the presence of carbon monoxide or a weak-
ening of the Ru-H bond due to the presence of the coadsorbed carbon monoxide, the former explanation
was shown to be correct by a LEED investigation of the coadsorption of hydrogen and CO on Rh(111),

where nearly complete segregation of the two species was observed on the surface (21).

These observations raise several questions. First, how do preadsorbed hydrogen and carbon
monoxide affect the subsequent adsorption of ethylene? Second, is the thermal decomposition of
ethylene altered by the presence of hydrogen or carbon monoxide, and, if so, how? For example, are
ethylidyne and acetylide formed, and, if so, in the same relative concentrations? Finally, can ethylene
hydrogenation to ethane be observed under UHV conditions when hydrogen and ethylene are coad-

sorbed?

II. Experimental Procedures

Thermal desorption mass spectrometry experiments were conducted in a UHV apparatus, which
has been described in detail previously (22,23). Briefly, the chamber is pumped by both a 220 /s noble
ion pump and a titanium sublimation pump, which reduce the base pressure below 107'° Torr. The
crystal is cooled to below 100 K using liquid nitrogen. Linear heating rates of 5-20 K/s are achieved
via resistive heating, controlled by a power supply interfaced to an LSI-11 DEC laboratory computer.
This UHV chamber contains a UTI-100C quadrupole mass spectrometer enclosed in a glass envelope
for selective sampling of gases that desorb from only the well-oriented front surface of the single cry-
stal (24). Low-energy electron diffraction optics and a rotatable Faraday cup are available for the
display of LEED patterns and the measurement of LEED beam profiles. A single pass cylindrical mirror

electron energy analyzer with an integral electron gun is available for Auger electron spectroscopy.
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A second UHV chamber was used to conduct high resolution electron energy loss spectroscopic
experiments. This chamber also has a base pressure below 107'° Torr using similar pumping tech-
niques; and liquid nitrogen cooling and resistive heating of the crystal were similarly employed. The
home-built Kuyatt-Simpson type EEL spectrometer is described in detail elsewhere (25,26). It was
operated such that the kinetic energy of the electron beam incident upon the crystal was approximately
4 eV at an angle of incidence of 60° with respect to the surface normal. The spectra were measured
with a resolution of 60-80 cm™ (full-width at half-maximum of the elastically scattered peak), while a
count rate of 1.5-3 x 10° ¢cps was maintained in the elastic channel. This UHV chamber also contains a

quadrupole mass spectrometer, but it was not, in general, employed in the thermal desorption measure-

ments reported here.

The techniques used for orienting, cutting, polishing and mounting the Ru(001) crystals have been
described previously (25,26). The crystals were cleaned using periodic argon ion sputtering and routine
annealing t0 1000 K in 7 x 1078 Torr of O,, followed by annealing to 1700 K in vacuo. Surface clean-
liness was monitored in the two UHV chambers by Auger electron spectroscopy, EELS and hydrogen

thermal desorption.

Research purity (99.9995% min.) hydrogen, C.P. grade (99.5%) deuterium and ethylene, and
research purity (99.99% min.) carbon monoxide were obtained from Matheson. The ethylene was
purified further by three freeze-thaw-pump cycles. Research purity (99.99%) ethylene-d, was purchased

from Merck and Co. The purity of all gases was verified in situ by mass spectrometry in both UHV

chambers.
1X1. Results

A. Coadsorption of Carbon Monoxide and Ethylene

Preadsorbed CO alters significantly the thermal desorption spectra of hydrogen from adsorbed
ethylene on Ru(001). Figure 1(a) shows the hydrogen thermal desorption spectrum following a satura-
tion exposure of 1 L of C,;Hy (1 L = 1 Langmuir = 107 Torr-s) at 130 K, while Figs. 1(b)-(e) show a

series of hydrogen thermal desorption spectra for various preexposures of carbon monoxide, followed by
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a constant ethylene exposure of 1 L at 130 K (at which temperature no multilayer of ethylene forms).
Figure 1(f) shows the hydrogen thermal desorption spectrum following the adsorption of 0.4 L of
ethylene on the clean surface. As the precoverage of CO increases, new desorption peaks of hydrogen
appear at 290 and 420 K, while the 355 K peak decreases in intensity, disappearing completely at CO
exposures of 0.8 L. or more. In addition, the high temperature tail (above 480 K) shifts to lower tem-
perature, and the total amount of hydrogen that desorbs decreases with increasing carbon monoxide cov-

erage.

The inhibition in the chemisorption of ethylene by preadsorbed CO (Bc,n, V8. Bco) is illustrated in
Fig. 2(a), where B¢, includes both the reversibly and irreversibly chemisorbed ethylene. This relation-
ship was derived from the data of Fig. 1, together with the corresponding thermal desorption spectra of
molecular ethylene. In the presence of CO, approximately 20% of the chemisorbed ethylene desorbs
molecularly, as is observed also on the clean surface. Displacement of CO by ethylene was not
observed. However, for all CO precoverages the thermal desorption peaks of CO coadsorbed with

ethylene are downshifted by approximately 20 K with respect to the desorption of equivalent coverages

of CO from the otherwise clean Ru(001) surface.

The preadsorption of 04 L (Oc,n, = 0.13) of ethylene, followed by 2 L of carbon monoxide

(6co = 0.20), produced hydrogen thermal desorption spectra similar to Fig. 1(c). Greater initial
ethylene coverages blocked carbon monoxide adsorption to a larger extent, and the preadsorption of 1 L
of ethylene followed by any exposure of CO resulted in H; and C,H, thermal desorption spectra that

were nearly identical to those of ethylene adsorbed on the clean Ru(001) surface.

Electron energy loss spectra for various precoverages of carbon monoxide followed by an expo-
sure of ethylene at 80 K are similar to those of ethylene adsorbed on the clean surface. As on the clean
Ru(001) surface, multilayers of ethylene condense at 80 K. Annealing the crystal to 110 K desorbs this
multilayer, leaving an overlayer composed of carbon monoxide and di-c-bonded ethylene. Figure 3(a)
shows an EEL spectrum measured after annealing a saturation coverage of ethylene adsorbed on the
clean Ru(001) surface to 110 K and is indicative of di-o-bonded ethylene. The mode assignments for

this di-o-bonded ethylene are discussed in detail elsewhere (7). Briefly, di-c-bonded ethylene on
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Ru(001) produces strong CH, twisting and wagging modes at 900 and 1145 ¢cm™ and a symmetric
carbon-hydrogen stretching mode at 2940 cm™, which reflect the rehybridization of the carbon atoms in
ethylene to nearly sp’. Additional energy loss features at 460, 650, 775, 1040, 1450 and 3050 cm™ are
due, respectively, to the symmetric and asymmetric carbon-ruthenium stretching modes, the CH, rock-
ing mode, the carbon-carbon stretching mode, the CH, scissoring mode, and the asymmetric carbon-
hydrogen stretching mode of the molecularly chemisorbed ethylene. Although not all of these modes

are resolved in Fig. 3(a), they have been assigned from other EEL spectra.

Figure 3(c) is an EEL spectrum measured following an exposure of 0.6 L of CO (8¢ = 0.33) and

then 1 L of C;Hy (B¢ g, = 0.08-0.09) at 80 K with subsequent annealing to 110 K. [Figure 3(b) is an
2004

EEL spectrum measured following an exposure of 1 L of H, and then 1 L of C,H,, and will be dis-
cussed in Sect. IB.] The mixed overlayer of Fig. 3(c) consists of di-o-bonded C,H, and linearly
bonded CO. The modes of both ethylene and carbon monoxide are unchanged compared to those
observed when ethylene and carbon monoxide are adsorbed separately on the Ru(001) surface. The
symmetric Ru-CQO streiching mode and the C=0 stretching mode are observed at 465 and 2020 cm™ in
Fig. 3(c). All niode assignments of ethylene coadsorbed with carbon monoxide were confirmed by EEL

spectra of CO coadsorbed with deuterated ethylene.

Annealing the mixed overlayer to between 230 and 280 K causes competing desorption and dehy-
drogenation of the di-o-bonded ethylene. A subsequently measured EEL spectrum [Fig. 3(d)] indicates
the presence of ethylidyne and acetylide, the same decomposition products formed from ethylene that is
adsorbed on the clean surface.The ethylidyne is characterized by the v(CC) mode at 1140 cm™, the
8y(CH3) mode at 1370 cm™, the p(CH;) mode at 1000 cm™, and the v(CH;) mode at 2945 cm™ (7).
Note that ethylidyne produces no losses below 1000 cm™ except for v{(Ru-C) at 480 cm™ [which is
unresolved from v(Ru-C) of COJ; the loss at 750 cm™ is due to the carbon-hydrogen bending mode of
acetylide. In Fig. 3(d), the carbon-carbon stretching mode of acetylide at 1290 cm™ and the carbon-
hydrogen stretching mode of acetylide at 2960 cm™ are unresolved from the 8(CH;) and v(CH;) modes
of ethylidyne. This overlayer contains a small concentration of bridging CO in addition to linearly

bonded CO, as indicated by the shoulder at 1840 cm™ in Fig. 3(d) (27). This u-CO forms near 220 K
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when acetylide and ethylidyne are formed and disappears near 450 K as the CO begins to desorb. The
CO thermal desorption spectrum of the overlayer corresponding to Fig. 3(d) was virtually identical to
that of a CO coverage of 0.33 adsorbed on the clean surface, except for being downshifted by approxi-
mately 20 K. No unusual features were observed which might be attributed to the presence of the
bridging CO.

Annealing the surface above 350 K initiates decomposition of the ethylidyne, forming hydrogen
adatoms, carbon adatoms and (possibly) carbon dimers. The hydrogen from ethylidyne decomposition
desorbs in either the 355 K or the 420 K thermal desorption peaks (cf. Fig. 1), depending upon the CO
coverage. Hydrogen thermal desorption spectra have been used to obtain the ratio (R) of ethylidyne to
acetylide that is formed from ethylene coadsorbed with CO. This ratio is plotted in Fig. 4(a) as a func-
tion of the coverage of the irreversibly chemisorbed ethylene. These data were obtained by exposing
the Ru(001) surface to a variable precoverage of CO, followed by a saturation exposure of
ethylene. As shown in Figs. 4(a) and (b), preadsorbed CO decreases the ratio of ethylidyne to acet-
ylide that is formed from postadsorbed ethylene, relative to the ratio observed for an equivalent cover-
age of ethylene on the clean surface. However, this ratio does increase with increasing ethylene cover-
ages (lower CO precoverages), as it does for ethylene adsorbed on the clean surface. This issue will be

discussed in detail in Sect. I[V.A.2.

The carbon-carbon bond of the acetylide is cleaved, forming carbon adatoms and methylidyne,
when the overlayer is annealed to 400 K. An EEL spectrum of coadsorbed methylidyne and CO is
shown in Fig. 3(e). The characteristic modes of methylidyne are a carbon-hydrogen bending mode at
810 cm™ and a carbon-hydrogen stretching mode at 3010 cm™. The Ru-CH stretching mode (at 440
cm™) is obscured by the V(Ru-CO) mode at 460 cm™. Annealing to 600 K decomposes all of the

methylidyne, desorbing hydrogen and CO, leaving only surface carbon with v(Ru-C) at approximately

600 cm™!,
B. Coadsorption of Hydrogen and Ethylene

Electron energy loss spectra of hydrogen and ethylene coadsorbed on Ru(001) are similar to those

of ethylene adsorbed on the clean surface with the exception that the modes due to ethylidyne,
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following annealing to 280 K, are more intense relative to the modes of acetylide. This indicates that
the thermal decomposition products of ethylene adsorbed on the clean and the hydrogen precovered
Ru(001) surfaces are the same under our experimental conditions. Figures 3(a) and (b) compare,
respectively, the EEL spectrum of a saturation coverage of ethylene adsorbed on the clean surface at 80

K and annealed to 110 K (eczm = 0.30) with that of the Ru(001) surface exposed to 1 L of H, (6 =
0.65) followed by a saturation coverage of ethylene (8¢, = 0.13) at 80 K and subsequently annealed to

110 K. The spectrum of Fig. 3(b) is less intense because less ethylene is adsorbed. It is apparent, how-
ever, that these spectra correspond to the same surface species, namely, di-G-bonded ethylene, Hydro-
gen adatoms are also present in the overlayer corresponding to the spectrum of Fig. 3(b). The weak
ruthenium-hydrogen modes, which occur at 780 and 1115 cm™ (at this hydrogen coverage) with an
intensity less than 0.04% of the elastic peak (11), are obscured, however, by losses due to the adsorbed
ethylene. A small amount of carbon monoxide is also present in the overlayer corresponding to the
spectrum of Fig. 3(b), as indicated by the presence of the v(C=0) mode of CO at 2200 cm™. The
weak intensity of this mode in Fig. 3(b) [cf. Fig. 3(c)-(e)] implies that the fractional coverage of CO in
this overlayer is less than 0.01, and it has no influence on the chemisorption and reaction of hydrogen

and ethylene.

Annealing the coadsorbed hydrogen and ethylene overlayer to higher temperatures results in EEL
spectra similar to those of ethylene adsorbed on the clean Ru(001) surface. The di-o-bonded ethylene
(8¢, = 0.13) dehydrogenates to ethylidyne and acetylide between 150 and 280 K. The ratio of ethyli-
dyne to acetylide is approximately 2.5, as judged by the areas of the hydrogen thermal desorption peaks
of Fig. 5(b), compared to a branching ratio of 1.3 for a coverage of ethylene of 0.13 on the clean
Ru(001) surface. The dependence of the ratio of ethylidyne to acetylide upon the coverage of irreversi-
bly adsorbed ethylene for preadsorbed deuterium (hydrogen) followed by a saturation postexposure of
CyH4 (CyD4) is compared to that observed for ethylene adsorbed on the clean surface in Figs. 4(b) and
(c). Although there are large uncertainties in the data of Fig. 4(c) due to the small acetylide coverages,
the preadsorption of hydrogen clearly results in an increased ratio of ethylidyne to acetylide relative to

the ratio observed following the dehydrogenation of an equivalent coverage of ethylene on the clean
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" surface. Indeed, a saturation hydrogen precoverage (8y = 0.85 and Bc,n, = 0.05) completely inhibits
acetylide formation. The ethylidyne decomposes to carbon (possibly dimers) and hydrogen adatoms
below 355 K. Near 400 K the carbon-carbon bond of the acetylide cleaves, forming methylidyne and

surface carbon. Finally, the methylidyne decomposes, evolving hydrogen, above 480 K.

The thermal desorption spectra of hydrogen and ethylene coadsorbed on Ru(001) and ethylene
adsorbed on the clean surface are somewhat different. Figure S(a) illustrates the hydrogen thermal
desorption spectrum after 1 L of C,H, is adsorbed on this surface. There is a sharp peak at 345 K, a
shoulder near 420 K, and a high temperature tail extending from 480 to 700 K. Figure 5(b) shows the
hydrogen thermal desorption spectrum after an exposure of 1 L of H, followed by 1 L of C,H, at 100
K. This spectrum exhibits a much more prominent shoulder on the high temperature side of the
(sharper) 345 K peak, and the high temperature tail terminates between 600 and 650 K. As discussed
previously (7), and confirmed by the carbon monoxide and ethylene coadsorption experiments, the 345
K peak of Fig. 5(a) corresponds to desorption of hydrogen limited by ethylidyne decomposition. Due to
the similarity of the EEL spectra of ethylene adsorbed on the clean surface and ethylene coadsorbed
with hydrogen, the high temperature tails (above approximately 480 K) of Figs. 5(a) and (b) correspond

to decomposition-limited desorption of hydrogen from the same species, methylidyne.

The shoulder near 420 K in the hydrogen thermal desorption spectrum of coadsorbed hydrogen
and ethylene [Fig. 5(b)] is due to desorption-limited hydrogen from the Ru(001) surface. This shoulder
occurs at approximately the same temperature at which a similar coverage of hydrogen desorbs from the
clean surface, as may be seen in Fig. 5(c), and the area under the shoulder increases with increasing
hydrogen precoverage. Proof that this shoulder corresponds to desorption-limited hydrogen was pro-
vided by additional thermal desorption measurements in which the hydrogen and ethylene overlayer was
annealed to 800 K, and then the (uncleaned) surface was exposed to hydrogen. The subsequent hydro-
gen thermal desorption spectrum indicated that the shoulder (now a peak since the 345 K peak was
absent) was repopulated, demonstrating that the shoulder of Fig. 5(b) represents desorption-limited
hydrogen from the surface. No other hydrogen thermal desorption peaks were observed, implying that

no carbon-hydrogen bonds were formed. Complementary EEL spectra measured after annealing the
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carbon- and hydrogen-covered surface to various temperatures supported the presence of only C(a) and
H(a); i.e., no hydrogen-containing species such as CH, CH, or CH; were observed under any conditions.
This disagrees with the results of Barteau et al. (28), who reported the hydrogenation of surface carbon

to methylidyne on Ru(001).

In addition to the desorption of hydrogen, annealing the mixed hydrogen and ethylene overlayer
resulted in the desorption of ethylene and the formation and desorption of ethane, as shown in Figs.
5(d) and (e). Condensed ethylene desorbed in a multilayer peak at 110 K [cf. Fig. 5(d)]. Ethane and
chemisorbed ethylene desorbed in broad peaks, the tails of which extend to approximately 250 K. The
intermediate to ethane formation, presumably ethyl, was not sufficiently stable to be observed spectro-
scopically by EELS. Ethane was formed following fractional precoverages of hydrogen exceeding 0.4
and subsequent saturation exposures of ethylene. The amount of ethane that desorbed corresponds to an
effective fractional surface coverage of only approximately 0.01, which is less than one-third of the
amount of ethylene, which desorbs molecularly. The fraction of chemisorbed ethylene that desorbs
molecularly increases from 0.2 to 0.6 as the initial fractional coverage of hydrogen increases from zero

to 0.88.

Thermal desorption measurements of preadsorbed deuterium and postadsorbed ethylene were car-
ried out to examine both the extent of isotopic mixing among the adspecies and the inhibition of
ethylene adsorption by deuterium. Considerable isotopic mixing occurred in the desorbed hydrogen [cf.
Fig. 6]. These experiments also showed that within our experimental uncertainty, postexposures of 1 L
or more of ethylene did not displace any preadsorbed deuterium. Coadsorption of deuterium (hydrogen)
with molecularly chemisorbed C,H, (C,D,) indicated that isotopic exchange between these two species
was slight in that oqu minor amounts of any ethylene and ethane desorption products except

C2H4 (C2D4) and C2H4D2 (C2D4H2) were observed.

The results of isotopic exchange experiments between both CCHj; and CCH and deuterium
adatoms are discussed in a separate paper (29). Briefly, electron energy loss spectra of acetylide and
ethylidyne formed from C,H, and coadsorbed with deuterium provide evidence for isotopic exchange

between deuterium and CCH but no exchange between deuterium and ethylidyne.



56

Isotopic exchange experiments between deuterated methylidyne and postadsorbed hydrogen [and
equivalently between CH(a) and D(a)] were also carried out. Deuterated methylidyne (coadsorbed
with carbon adatoms) was formed by exposing the Ru(001) surface to 4 L of C,D, at 100 K and
annealing to 440 K such that 8¢ = 0.38 and Ocp = 0.10. The surface was then cooled to 100 K,
exposed to a saturation coverage of hydrogen (0.3 < 6y < 0.4), and a thermal desorption experiment
conducted. Hydrogen, HD and D, were detected in desorption-limited peaks at 400 K, and in tails
above 500 K due to dehydrogenation of CH and CD. No other species such as methane were observed
to desorb. A comparison of the areas under the high temperature tails of the H,, HD and D, thermal
desorption spectra shows that 20% to 30% of the deuterated methylidyne underwent isotopic exchange.
The observation of deuterium desorption below 400 K indicates that isotopic exchange occurs also
below this temperature. The occurrence of isotopic exchange between CH coadsorbed with deuterium
has also been confirmed with EELS, and is reported elsewhere (9). These EELS measurements showed

no hydrogenation of methylidyne to stable methylene or methyl species.

The extent of inhibition of ethylene adsorption by preadsorbed deuterium was estimated from the
Hj, HD, Dy, ethylene and ethane thermal desorption spectra for various initial surface coverages of deu-
terium followed by a saturation exposure of ethylene. These data were used to construct Fig. 2(b), a
plot of 9C2H4 versus Op, where Op was determined from the HD, D, and C,H4D, thermal desorption
spectra. Clearly, a saturation precoverage of deuterium does not completely inhibit ethylene adsorption.
The inhibition of ethylene adsorption by deuterium adatoms is weaker than that by preadsorbed carbon

monoxide.

1V. Discussion
A. Coadsorption of Carbon Monoxide and Ethylene
1. Adsorption

From Fig. 1 and the corresponding thermal desorption spectra of molecular ethylene, it was deter-
mined that the fraction of the di-o-bonded ethylene which desorbed molecularly from the CO preex-

posed and subsequently ethylene saturated surface was 20% of the total fractional coverage of chem-
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isorbed ethylene, independent of the CO coverage. This fraction is approximately the same as that
observed when a saturated overlayer of ethylene is chemisorbed on the clean Ru(001) surface. This
result shows that preadsorbed CO does not inhibit ethylene thermal decomposition on the surface rela-

tive to molecular desorption. However, preadsorbed CO does inhibit ethylene adsorption as illustrated

in Fig. 2.

The approximately linear decrease in the ethylene coverage with carbon monoxide coverage sug-
gests that CO is simply (geometrically) blocking the surface for ethylene adsorptibn. The reciprocal of
the magnitude of the slope of the line in Fig. 2(a) indicates that 1.7 CO admolecules poison the adsorp-
tion of one ethylene molecule. Assuming that the areas occupied by a carbon monoxide admolecule
and an ethylene admolecule are inversely proportional to the saturation fractional coverages of CO
(0.65) and ethylene (0.30), respectively, then 2.2 (i.e. 0.65/0.30) CO admolecules would block adsorp-
tion of one ethylene molecule. We observe that fewer CO admolecules are required to block adsorption
of one ethylene molecule because ethylene has a significantly lower heat of adsorption than carbon

monoxide, and, unlike CO, does not form a compressible overlayer.

2, Thermal Decomposition

The results of Peebles et al. (19) and unpublished data from our laboratory indicate that the peak
at 290 K in the hydrogen thermal desorption spectra for coadsorbed CO and C,H, [cf. Figs. 1(b)-(e)] is
due to surface hydrogen that desorbs at a slightly lower temperature than does hydrogen coadsorbed
with CO for the same coverages of CO and surface hydrogen. This is presumably the result of a higher
effective hydrogen density due to the presence of ethylidyne and acetylide. That the peak at 290 K
results from desorption-limited hydrogen was confirmed by hydrogen thermal desorption spectra of
coadsorbed hydrogen and carbon monoxide on a carbon precovered surface (8¢ = 0.15), which showed
hydrogen desorption in a single peak at 290 K for fractonal coverages of CO exceeding 0.35. From
the observed EEL spectra both of ethylene adsorbed on the clean surface (7) and of ethylene coad-
sorbed with carbon monoxide, it is clear that this surface hydrogen is derived from ethylene dehydroge-

nation to acetylide and ethylidyne below 250 K.
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The peak at 420 K in the hydrogen thermal desorption spectra of Figs. 1(b)-(e) results from the
decomposition of ethylidyne. Without coadsorbed CO, the ethylidyne begins to decompose near 330 K,
reaching a maximum rate at 355 K. This is manifest as a rather sharp peak in the hydrogen thermal
desorption spectrum at this temperature, as may be seen in Fig. 1(a). Preadsorbed CO not only
decreases the amount of ethylidyne that is formed relative to acetylide (cf. Fig. 4), but also shifts the
ethylidyne decomposition to a higher temperature. The onset of ethylidyne decomposition in the pres-
ence of a fractional coverage of CO of 0.4 occurs at the same temperature (approximately 380 K) at
which CO begins to desorb, as shown both by thermal desorption and EELS results. This suggests that
CO inhibits ethylidyne decomposition (effectively stabilizing the ethylidyne), e.g. by geometricaily
blocking the surface adjacent to the ethylidyne that is necessary for its decomposition. Thus, as the
precoverage of CO is increased, more ethylidyne is prevented from dehydrogenating prior to CO
desorption. A fractional surface precoverage of CO exceeding 0.4 prevents any dehydrogenation of

the ethylidyne at 355 K.

The final changes in the hydrogen thermal desorption spectra of carbon monoxide coadsorbed
with ethylene on Ru(001) are a shift to lower temperature and an increased intensity (relative to the 353
and 420 K peaks) of the high’ temperature tail above approximately 480 K, which is due to methylidyne
decomposition. The former is due to the lower coverage of ethylene on the surface when CO is pread-
sorbed and is associated with the greater availability of vacant adsites at the temperature of methylidyne
decomposition, i.e. a lower concentration of adsorbed carbon (30). The increasing intensity of the high
temperature tail in the hydrogen thermal desorption spectra due to methylidyne decomposition relative
to the 355 and 420 K peaks is a consequence of a reduction in ethylidyne formation relative to acet-
ylide formation, as shown in Fig. 4. Recall that methylidyne is derived only from acetylide. The
enhancement of acetylide formation with increasing CO precoverage also causes the increasing relative
intensity of the 290 K peak in the hydrogen thermal desorption spectra, since acetylide formation pro-
duces two more hydrogen adatoms than does ethylidyne formation, and these two adatoms desorb in the
290 K peak in the presence of CO. The enhanced acetylide formation relative to ethylidyne formation

in the presence of CO is obviously greater than that which would be expected due to the lower ethylene
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surface coverage in the presence of CO (cf. Fig. 4). A reasonable explénation for this effect is that the
net balance of interaction energies among hydrogen, carbon monoxide and the intermediate(s) to ethyli-
dyne and acetylide formation is repulsive with respect to the interaction energy which results in the
absence of hydrogen. This inhibits the reaction of hydrogen with the precursor to ethylidyne formation
and, therefore, favors dehydrogenation to acetylide with respect to ethylidyne formation (31). This
point of view is consistent with the repulsive interactions that occur between coadsorbed hydrogen and

CO, which result in phase separation of these two species.

Thus, the assignment of peaks in the hydrogen thermal desorption spectra is as follows: the B,
peak at 290 K is composed of surface hydrogen from ethylene dehydrogenation to acetylide and ethyli-
dyne, downshifted by the presence of CO; the v, peak at 355 K is composed of hydrogen from the
decomposition of ethylidyne; the vy, peak at 420 K is composed of hydrogen from the decomposition of
ethylidyne that is stabilized by coadsorbed CO; and the vy, peak near 530 K is composed of hydrogen
from methylidyne decomposition. These assignments are consistent with the observed ratios of the peak
areas. For example, for the case of Fig. 1(e), where no peak at 355 K is observed, the stoichiometry

required by the above peak assignments is B; = % + 3ys. This stoichiometry has been confirmed by

the thermal desorption spectrum of Fig. 1(e), which exhibits relative peak areas for By : v, : v3 of 0.55 :
0.3 : 0.15. Thus, the carbon monoxide-hydrogen repulsive interactions, which cause phase separation
and the lower binding energy of surface hydrogen that results in desorption at a lower temperature,
allow us to confirm the stoichiometry of the decomposition products of ethylene adsorbed on the
Ru(001) surface, which were identified by EELS. The ratios of these peaks also confirm that only a
small fraction, if any, of the ethylidyne decomposes to methylidyne. If we assume that ethylidyne can
decompose to methylidyne, then the ratios of the peaks in these hydrogen thermal desorption spectra

indicate that, at most, 10% of the ethylidyne decomposes to methylidyne.

Finally, we have observed that the adsorption of ethylene also affects the bonding of preadsorbed
carbon monoxide. Postadsorption of ethylene induced the formation of a small fraction of bridging car-
bon monoxide, which is not observed at any coverage of CO on the otherwise clean Ru(001) surface.

Furthermore, the.presence of carbon and methylidyne following ethylene dehydrogenation reduced the
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binding energy of preadsorbed carbon monoxide such that the CO desorbed at approximately 20 K

below the temperature at which an equivalent fractional coverage of CO desorbs from the clean surface.
B. Coadsorption of Hydrogen and Ethylene

1. Adsorption

Figure 2(b) shows that preadsorbed deuterium does not inhibit ethylene adsorption so effectively
as does preadsorbed carbon monoxide. The ethylene coverage that is plotted is the fractional coverage
of chemisorbed ethylene following multilayer desorption. Preadsorbed deuterium decreases the
ethylene coverage approximately linearly, and a saturation coverage of deuterium (8p = 0.85) does not
completely block ethylene adsorption. The linear dependence of ethylene coverage upon deuterium pre-
coverage suggests that the deuterium, like preadsorbed carbon monoxide, is geometrically blocking the
surface with respect to the subsequent adsorption of ethylene. The results shown in Fig. 2(b) suggest
that 3.3 hydrogen adatoms poison the adsorption of one ethylene molecule. As expected, the number of
hydrogen atoms required to block the adsorption of one ethylene molecule is greater than the number of
carbon monoxide molecules (1.7). The extrapolated intercept of the abscissa of Fig. 2(b) indicates a
hydrogen coverage of one adatom per ruthenium unit cell is necessary to poison the surface essentially

completely with respect to the subsequent adsorption of ethylene.

2. Thermal Decomposition

The preadsorption of deuterium atoms into the threefold sites on Ru(001) decreases the availabil-
ity of vacant threefold sites for the products of ethylene decomposition. The ethylene decomposition
products, ethylidyne and acetylide,‘require one and three vacant threefold sites, respectively, for hydro-
gen adatoms. Thus, as the deuterium precoverage is increased and fewer threefold sites are available, a
larger fraction of the chemisorbed ethylene is desorbed molecularly as C,H, or is hydrogenated to
ethane, compared to chemisorbed ethylene on the otherwise clean Ru(001) surface. The fraction of
chemisorbed ethylene, which desorbs molecularly as C,H; increases from 0.2 to 0.6 as the fractional
hydrogen precoverage, increases from zero to 0.85. The higher concentration of hydrogen (deuterium)
adatoms on the surféce below 280 K facilitates ethane formation, which was not observed when

ethylene was adsorbed on the clean Ru(001) surface. Ethane evolution was observed only in the
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coverage range 0.4 < By (preceding a saturation exposure of ethylene), and the ethane that desorbed
corresponds to an effective fractional surface coverage of approximately 0.01. We note further that
ethane forms via the hydrogenation of di-o-bonded ethylene, not ethylidyne or acetylide, which are not

present on the surface at the temperature at which ethane evolution is initiated.

Thermal desorption experiments of coadsorbed deuterium and C,H, or hydrogen and C,D.
showed that the majority ethane species were C,D,H, in the first case and C,H,D, in the latter. The
predominant ethyletie species that desorbed molecularly from these overlayers were C,H, and C,D,,
respectively; i.e., very little isotopic mixing with the molecularly adsorbed ethylene occurred. These
results suggest that ethane formation occurs via the irreversible addition of two surface hydrogen or

deuterium adatoms 10 ethylene.

Thermal desorption and EEL spectra of deuterium coadsorbed with CH or hydrogen coadsorbed
with CD indicated that approxirhately 20% of the methylidyne underwent isotopic exchange. On the
other hand, isotopic exchange between surface hydrogen and CCD; did not occur. Similarly, acetylide
underwent limited isotopic exchange with surface hydrogen. The mechanisms by which these exchange
reactions proceed will be discussed elsewhere (29). This is in agreement with the results of Koel et al.
(5) who identified via EELS an ethylidyne on Rh(111) at 300 K following C,H, adsorption, and H, and
C,H, coadsorption. This ethylidyne underwent H-D exchange when exposed to deuterium only at high

deuterium pressures (1 atm).

As discussed earlier, the 345 K peak in the hydrogen thermal desorption spectra of hydrogen and
ethylene coadsorbed on Ru(001) [cf. Fig. 5(b)] corresponds to the desorption of hydrogen that is limited
by ethylidyne decomposition. The high temperature tail, above approximately 480 K, in the spectra
corresponds to the reaction-limited desorption of hydrogen from the decomposition of methylidyne that
is formed by the cleavage of the carbon-carbon bond of acetylide at 400 K. The observed change in
the areas of these two peaks indicates that the ratio of ethylidyne to acetylide increases with hydrogen
precoverage, as shown in Fig. 4. Indeed, one might expect that an increase in hydrogen or deuterium

precoverage would favor ethylidyne over acetylide, since the former is composed of two more hydrogen

atoms.
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As may be seen in Fig. 5(b), the shoulder at 420 K in the hydrogen thermal desorption spectra of
hydrogen and ethylene adsorbed on Ru(001) is enhanced relative to that of hydrogen thermal desorption
from ethylene adsorbed on the clean surface. The temperature corresponding to the maximum rate of
hydrogen desorption from this shoulder is approximately 20 K lower than that at which an equivalent
amount of hydrogen desorbs from the clean Ru(001) surface. However, this shoulder could be repopu-
lated by adsorbing hydrogen on the (uncleaned) surface that results from annealing coadsorbed hydro-
gen and ethylene to 700 K, which desorbs the hydrogen completely. This indicates that this shoulder

corresponds to desorption-limited surface hydrogen.

V. Conclusions

Both preadsorbed carbon monoxide and hydrogen (deuterium) inhibit ethylene postadsorption on
the Ru(001) surface. Of the two, carbon monoxide more effectively inhibits ethylene adsorption. The
EEL spectra were virtually identical for ethylene adsorbed on Ru(001), ethylene adsorbed with pread-
sorbed hydrogen, and ethylene adsorbed with preadsorbed carbon monoxide. In all three cases, the
ethylene decomposed upon heating to ethylidyne and acetylide. The ethylidyne dehydrogenated com-
pletely to carbon and hydrogen adatoms with further heating, while the acetylide underwent carbon-
carbon bond cleavage to form carbon adatoms and methylidyne. The preadsorption of CO causes sur-
face hydrogen to desorb at a lower temperature (290 K) and ethylidyne to decompose at a higher tem-
perature (420 K). The observed ratios of peak areas in the hydrogen thermal desorption spectra confirm
the identity of the stable ethylene decomposition products, ethylidyne and acetylide, as observed via

EELS.

The preadsorption of hydrogen initiated ethane formation and desorption (with a maximum rate at
approximately 200 K). The desorption of ethylene and the formation of ethane wére enhanced with

increasing hydrogen precoverage, compared to the dehydrogenation products, ethylidyne and acetylide.

The presence of preadsorbed CO and hydrogen alters the ratio of the ethylene decomposition
products, ethylidyne and acetylide. Carbon monoxide preadsorption enhances acetylide formation rela-
tive to ethylidyne formation from postadsorbed ethylene, compared to an equivalent coverage of

ethylene adsorbed on the clean surface, while hydrogen preadsorption enhances ethylidyne formation,
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such that a satration preexposure of hydrogen completely suppresses acetylide formation,

The presence of hydrogen initiated ethane formation and desorption (with a maximum rate at
approximately 200 K). The desorption of ethylene and the formation of ethane were enhanced with
increasing hydrogen precoverage, compared with the dehydrogenation products, ethylidyne and acet-

ylide.
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Note that the high temperature tail in Fig. 1(d) is similar to the tail in the hydrogen thermal

desorption spectrum following the adsorption of 0.4 L of C,H, on the clean Ru(001) surface,

shown in Fig. 1(f).
This explanation implies that the precursor to ethylidyne formation is CCH,. Evidence for the

existence of this precursor is provided by the combined results of experiments of coadsorbed

ethylene and hydrogen and coadsorbed acetylene and hydrogen. This will be discussed in detail

elsewhere (29).
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Figure Captions

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Thermal desorption spectra of hydrogen after C,H, adsorption on the clean and CO
precovered Ru(001) surface at 130 K. (a) 1 L of C,Hy; (b) 0.2 L of CO followed by 1 L of
of C;Hy; (¢) 0.4 L of CO followed by 1 L of of CyHy; (d) 0.6 L of CO followed by 1 L of

of C,Hy; (e) 0.8 L of CO followed by 1 L. of of C,Hy; (f) 0.4 L of C,H,.

Inhibition of ethylene adsorption by deuterium (hydrogen) or CO precoverages. (a) Frac-
tional coverage of chemisorbed C,H, as a function of CO precoverage. (b) Fractional cov-

erage of chemisorbed C,H4 (C,D,) as a function of deuterium (hydrogen) precoverage.

EEL spectra of ethylene on Ru(001). (a) 4 L. of C,H, annealed to 120 K; (b) 1 L of H, fol-
lowed by 1 L of of C,H, annealed to 120 K; (d) 0.6 L of CO followed by 1 L of of C,H,
annealed to 120 K; (d) 0.6 L. of CO followed by 1 L of of C,H4 annealed to 280 X; (e) 0.6

L of CO followed by 1L of C,Hy4 annealed to 400 K.

The ratio of ethylidyne to acetylide formed from ethylene (R) as a function of the satura-
tion coverage of irreversibly chemisorbed ethylene for: (a) A a mixed CO and ethylene
overlayer; (b) e ethylene on the clean surface; (c) O a hydrogen (deuterium) and C,D,

(C;H,) overlayer.

Thermal desorption spectra after C,H, or H, adsorption on the clean and hydrogen
precovered surfaces at 100 K. (a) H, thermal desorption following a 1 L expsure of C,H,;
(b) H, thermal desorption after a 1 L exposure of H, followed by 1 L of C,Hy; (c) H, ther-
mal desorption following a 0.4 L exposure of Hy; (d) C,H, thermal desorption after a 1L
exposure of H, followed by 1 L of C,Hy; (e) C,Hg thermal desorption after a 1 L exposure

of H, followed by 1 L of C,H,.

Thermal desorption spectra after a 1 L exposure of D, followed by 1 L of C,H,4 at 130 K:

(a) H, thermal desorption (c) HD thermal desorption; (c) D, thermal desorption.
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CHAPTER IV

The Isolation and Characterization of Vinylidene from the Dehydrogenation

of Ethylidyne on the Ru(001)-p(2x2)O Surface

[This chapter has been accepted for publication as a Communication by M. M. Hills, J. E. Parmeter and

W. H. Weinberg in The Journal of the American Chemical Society.]
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Abstract

The first unambiguous identification of a surface vinylidene species has been observed using high
resolution electron energy loss spectroscopy following the thermal decomposition at 250 K of ethyli-
dyne that was formed from n-bonded ethylene on the Ru(001)-p(2x2)O surface. This is also the first
observation of the partial dehydrogenation of adsorbed ethylidyne that does not involve carbon-carbon
bond cleavage as well. The carbon atoms of the vinylidene are very nearly sp’-~hybridized, and the
vinylidene is tilted with respect to the surface normal since n-electron donation from the carbon-carbon
double bond to the surface is observed. Decomposition of the vinylidene to methylidyne and surface

carbon occurs above 350 K with simultaneous evolution of hydrogen.
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Although the structure and bonding of a variety of adsorbed species on transition metal surfaces
have been compared to those of similar ligands in homogeneous metal compounds, the chemical reac-
tions which these two entities undergo have not been related. “This connection represents the logical
and necessary next step in relating the organometallic chemistry of homogeneous compounds with that
of extended surfaces, i.e. the relationship between homogeneous catalysis by organometallic compounds
and heterogeneous catalysis by metallic surfaces. It has been found that ethylene reacts with Os;(CO);,
to form a {-vinylidene complex, H,0s3(CO)(CCH,), which can be hydrogenated to a p-ethylidyne
complex, H;Os3(CO)o(CCH3) (1-3). Similarly, ethylene adsorbed on the hexagonal Ru(001) (4), Pt(111)
(5), P(100) (6,7), Pd(111) (9) and Rh(111) (10) surfaces at room temperature forms ethylidyne, which
dehydrogenates at higher surface temperatures. However, vinylidene has been neither isolated nor
unambiguously identified as an intermediate in either the formation or the decomposition of adsorbed
ethylidyne (11). This communication reports the first conclusive spectroscopic identification of
adsorbed vinylidene, which was observed following the annealing of adsorbed ethylidyne on the

Ru(001)-p(2x2)O surface (12).

The high resolution electron energy loss spectroscopic (EELS) measurements were carried out in
an ulirahigh vacuum system that has been described in detail previously (14). The p(2x2) oxygen over-
layer on the Ru(001) surface, which is depicted in Fig. 1(a), corresponds to a fractional surface cover-
age of atomic oxygen of 0.25. The existence of this ordered overlayer was confirmed by EEL spectra,

which exhibit a v,(Ru-O) mode at 535 cm™ and a phonon mode characteristic of the ordered overlayer

at 250 cm™ (15).

Exposure of the Ru(001)-p(2x2)O surface to ethylene at temperatures below 240 K results in the
adsorption of n-bonded molecular ethylene (13,16). Upon annealing to 250 K, the m-bonded ethylene
reacts to form chemisorbed ethylidyne with the desorption of hydrogen. The ethylidyne is identified by
intense V(CC) and 8y(CHj;) modes at 1140 and 1370 cm™ (1150 and 1000 cm™ for CCD;,), which are

evident in the EEL spectra of Fig. 1(b) and (c) (17).

Upon heating to approximately 350 K, the ethylidyne reacts quantitatively to form vinylidene

with simultaneous evolution of hydrogen. The EEL spectra of adsorbed vinylidene are shown in Fig.
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1(d) and (e). The intense feature at 1435 cm™ in Fig. 1(d) is due to the overlapping v(CC) and &(CH,)
modes of CCH,. The &CD,) mode shifts to 1010 cm™ in the deuterated spectrum [Fig. 1(e)], permit-
ting the observation of the v(CC) mode of CCD, at 1350 cm™. The modes of the adsorbed vinylidene
are assigned and compared to those of vinylidene in H,0s:(CO)o(CCH,) in Table 1. The excellent
agreement between the vibrational frequencies of the vinylidene ligand and the adsorbed vinylidene
suggests that the bonding of the two is quite similar. An X-ray crystallographic structural determination
of the triosmium cluster has shown that the CCH, ligand is bridge-bonded to two osmium atoms, that
the carbon-carbon bond length of 1.38 A is only slightly elongated from that of gaseous ethylene (1.34
A), and that there is m-electron donation from the carbon-carbon double bond to the third osmium atom
(1-3). The carbon-carbon bond length of the vinylidene ligand suggests that the carbon atoms are
nearly sp’~hybridized, and due to the good agreement between the v(CC) modes of the vinylidene
ligand and the adsorbed vinylidene, the carbon atoms of the latter are also expected to be nearly
sp’~hybridized. The frequency of the v(CC) mode of the adsorbed CCH, is lowered from that of
CH,CBr, [1593 ¢cm™ (18) and that of the p~vinylidene ligand in Cp,Mn,(CO)4(CCH,) [1542 cm™" (19)]
due to m-electron donation from the carbon-carbon bond of the vinylidene to the ruthenium surface
upon which the p(2x2) oxygen overlayer is present. This n-electron donation implies that the adsorbed

vinylidene is tilted with respect to the surface normal, as is observed in H,0s3(CO)o(CCH,).

Annealing the adsorbed vinylidene to 400 X initiates decomposition to methylidyne (identified by
EELS) and surface carbon with simultaneous evolution of hydrogen, and the methylidyne decomposes
above 500 K, creating additional surface carbon and evolving hydrogen (13). Hydrogen thermal desorp-
tion spectra are also consistent with this decomposition mechanism. These spectra show that half of the
total amount of hydrogen desorbs below 350 K, indicating that the species present on the surface at this
temperature has a stoichiometry of C,H,. Another quarter of the hydrogen desorbs in a peak centered
at 400 X in accordance with the decomposition of vinylidene to methylidyne. The final quarter of the

hydrogen desorbs between 500 and 700 K as the methylidyne decomposes.

In contrast to the formation of vinylidene from ethylidyne (20) and the subsequent decomposition

of vinylidene to methylidyne on the Ru(001)-p(2x2)O surface, ethylidyne decomposes completely near
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355 K to carbon and hydrogen on the Ru(001) surface (4,21). The fact that methylidyne is a stable
intermediate in the decomposition of ethyidyne on the Ru(001)-p(2x2)O surface, while it is not on the
Ru(001) surface, implicates the existence of different mechanisms of the decomposition reactions on the
two surfaces. On Ru(001), sp® hybridization and o-bonding to the surface are favored, whereas on
Ru(001)-p(2x2)O sp* hybridization and n-donation to the surface are favored, as judged, for example,
by the di-c-bonded and n-bonded molecularly adsorbed ethylene that is observed on the respective sur-
faces. Hence, the m-bonded vinylidene that was isolated on the Ru(001)-p(2x2)O surface is unlikely to
be an (unstable) intermediate in ethylidyne decomposition on Ru(001), although a different, more nearly

sp*-hybridized, vinylidene may well be involved (22).

To summarize, adsorbed vinylidene has been isolated following the decomposition of ethylidyne
on the Ru(001)-p(2x2)O surface at 350 K. The bonding of the adsorbed vinylidene is analogous to that
of the vinylidene ligand in H,O0s3(CO)s(CCH,), with very nearly sp~hybridized carbon atoms and tilt-
ing of the vinylidene with respect to the surface normal due to m-electron donation from the carbon-
carbon double bond to the surface. Indeed, the formation of vinylidene from adsorbed ethylidyne is
analogous to the reverse of the hydrogenation reaction of H,Os3(CO)(CCH,) to H3Os3(CO)(CCH;).
The decomposition of ethylidyne to vinylidene on the Ru(001)-p(2x2)O surface differs from the decom-
position mechanism of ethylidyne on the Ru(001) surface due to electronic perturbations of the
ruthenium surface by the ordered oxygen overlayer. These perturbations are also manifest in the
observed n-bonding of molecular ethylene at 200 K, as opposed to the di-o-bonded molecular ethylene

that is observed on the Ru(001) surface.

Acknowledgment: This work was supported by the National Science Foundation under Grant no.

CHE-8516615.



78

References

(1]

(2]

(3]

[4]

{53

(6]

(7]

(8]

9]

(101

[11]

[12]

[13]

(14]

[15]

(16]

(17]

(18]

Deeming, A.].; Underhill, M., J.C.S. Chem. Comm. 1983, 277.

Deeming, A.J.; Underhill, M., J.C.S. Dalton Trans. 1974, 1415.

Andrews, J.R.; Kettle, S.F.A.; Powell, D.B.; Sheppard, N., Inorg. Chem. 1982, 21, 2874.

Hills, M.M.; Parmeter, ].E.; Mullins, C.B.; Weinberg, W.H., J. Am. Chem. Soc. 1986, 108, 3554.
Steininger, H.; Ibach, H.; Lehwald, S., Surface Sci. 1982, 117, 685.

Ibach, H. in: Proc. Conf. on Vibrations in Adsorbed Layers, Julich, 1978.

The Pt(100) surface reconstructs to a slightly buckled, close-packed (5x20) superstructure (8).
Heilman, P.; Heinz, K.; Miiiler K., Surface Sci. 1979, 83, 487.

Gates, J.A.; Kesmodel, L.L., Surface Sci. 1983, 124, 68.

Koel, BE.; Bent, B.E,; Somorjai, G.A., Surface Sci. 1984, 146, 211.

Indeed, no intermediate has been observed in the reaction of molecularly adsorbed ethylene to
ethylidyne. Likewise, no intermediate in the decomposition of adsorbed ethylidyne has been

observed heretofore in which carbon-carbon bonding is preserved.

The ethylidyne is a stable intermediate in the dehydrogenation of n-bonded, molecular ethylene

on the Ru(001) surface on which an ordered p(2x2) overlayer of oxygen adatoms is present (13).
Hills, M.M.; Parmeter, J.E.; Weinberg, W H., in preparation.

Thomas, G.E.; Weinberg, W.H., Rev. Sci. Instrum. 1979, 50, 497.

Rahman, T.S.; Anton, A.B.; Avery, N.R.; Weinberg, W.H., Phys. Rev. Lert. 1983, 51, 1979.

The nature of this chemisorption bond is very different from that of the di-c-adsorbed ethylene on

the clean Ru(001) surface (4).

A detailed discussion of the assignment of all the observed vibrational modes of adsorbed ethyli-

dyne has been presented elsewhere (4).

De Hemptinne, M., Trans. Faraday Soc. 1946, 42, 5.



(19]

[20]

(21

(22]

79
Folting, K.; Huffman, J.C.; Lewis, L.N.; Coulton, X.G., Inorg. Chem. 1979, 18, 3483,
The observation of ethylidyne decomposition to vinylidene, but not the reverse reaction, is a

consequence of the negligible coverage of hydrogen on the surface at the temperatures at which

vinylidene is stable. The recombinative desorption of hydrogen occurs below 220 K on the

Ru(001)-p(2x2)0 surface.

On the Ru(001) surface, ethylene also reacts to form acetylide (CCH), which decomposes to

methylidyne at 360 K. The methylidyne dehydrogenates between 500 and 700 K (4).

Weinberg, W.H.; Parmeter, J.E.; Hills, M.M,, in preparation.



80

Table 1.  Comparison of vibrational frequencies (in cm™) of vinylidene on the Ru(001)-p(2x2)O sur-

face with OS3H2(CO)9(CCH2)

CCHz on CCD2 on OS3H2(CO)9(CCH2)
Mode Ru(001)-p(2x2)0  Ru(001)-p(2x2)0 3)
v(RuC) 455 435 255-311
1(CH,) or n.r. 808
(CDy) n.r.
o(CH,) or 895 959
o(CD,) 700
p(CH,) or 965 1048
p(CDy) n.r.
8(CH,) or 1435 1328
S(CDy) 1010
wWCC) 1435 1350 1467
v4(CH,) or 2985 2990
Vvi(CDy) 2180
v,(CH,) or 3050 3052
v,(CD4y) 2290

1.T. = not resolved.
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Figure Caption

Fig.

(a) The unit cell and basis of the p(2x2) ordered oxygen overlayer on the Ru(001) surface. The
EEL spectra that result from 2 L exposures of (b), (d) C;H, and (c), (e) C,D4 on the Ru(001)-
p(2x2)O surface at 80 K and heated to:(b), (c) 250 K and (d), (e) 350 K. The intense peak at 535
cm™ in all spectra is due to the v 1(Ru-O) mode of the p(2x2) oxygen overlayer. The peak at
2025 cm™! in spectrum (e) is due to the v(C=0) mode of a small amount 8- < 0.01) of coad-

sorbed carbon monoxide.
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CHAPTER V

The Coadsorption and Reaction of Ethylene on Chemically Modified Ru(001) Surfaces

I. Introduction
1. Experimental Procedures
OI.  Results

A. Molecularly Chemisorbed Ethylene on the
Ru(001)-p(2x2)0O and Ru(001)-p(1x2)O Surfaces

B. Thermal Decomposition of Ethylene on the
Ru(001)-p(2x2)0O Surface and on Disordered
Oxygen Overlayers on the Ru(001) Surface

IV.  Discussion

A. Molecularly Chemisorbed Ethylene
B. Thermal Decomposition of Chemisorbed Ethylene

V. Conclusions
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Abstract

The adsorption and reaction of ethylene on a Ru(001) surface on which ordered p(2x2) and
p(1x2) overlayers of oxygen adatoms are present have been investigated using high-resolution electron
energy loss spectroscopy, thermal desorption mass spectrometry and low-energy electron diffraction. In
contrast to the di-o-bonded ethylene that is observed on clean Ru(001), ethylene chemisorbs molecu-
larly in a m-bonded configuration at temperatures below 200 K on both the Ru(001)-p(2x2)O and
Ru(001)-p(1x2)O surfaces. All of the ethylene that is chemisorbed on Ru(001)-p(1x2)Q desorbs reversi-
bly at 160 and 240 K, whereas approximately one-third of the ethylene on the Ru(001)-p(2x2)O surface
desorbs molecularly at these temperatures. Upon annealing to 250 K, the irreversibly adsorbed ethylene
on the Ru(001)-p(2x2)0 surface dehydrogenates to ethylidyne (CCH,), which dehydrogenates further to
vinylidene (CCH,) below 350 K. This represents the first unambiguous identification of a surface
vinylidene species, as well as the first isolation of an intermediate in the decomposition of surface
ethylidyne that preserves carbon-carbon bonding. The vinylidene decomposes to adsorbed carbon and
methylidyne (CH) below 400 K, and the methylidyne decomposes with the evolution of hydrogen

between 500 and 700 K.
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1. Introduction

Recent spectroscopic investigations of the interaction of ethylene and acetylene with the Ru(001)
surface have revealed both the nature of the molecularly chemisorbed species and the decomposition
products of these unsaturated hydrocarbons (1,2). Coadsorption experiments of hydrogen with ethylene,
carbon monoxide with ethylene, and hydrogen with acetylene have clarified further the decomposition
mechanisms (3,4). The combined results of these studies (5) have led to the following mechanistic pic-
ture (1-5): (1) Both ethylene and acetylene chemisorb molecularly below 150 K on the Ru(001) surface,
with rehybridization of the carbon atoms to nearly sp® occurring; (2) Upon heating to between 150 and
280 K, both ethylene and acetylene form a HCCH, species, while acetylene also forms acetylide (CCH)
at these temperatures; (3) The HCCH, species reacts rapidly to form acetylide and ethylidyne (CCH,);
(4) The ethylidyne decomposes to carbon adatoms and hydrogen near 350 K, while the acetylide
decomposes via carbon-carbon bond cleavage near 380 K, forming methylidyne (CH) and carbon

adatoms; and (5) The methylidyne dehydrogenates, evolving hydrogen above approximately 500 K.

We report here the results of a study of the interaction of ethylene with Ru(001) surfaces on
which preadsorbed overlayers of dissociatively adsorbed oxygen are present. We have concentrated on
the reproducible and well-characterized Ru(001)-p(2x2)0O and Ru(001)-p(1x2)O surfaces, although we
have also examined the effects of disordered oxygen overlayers, the fractional coverages of which
varied from approximately 0.05 to 0.5. The p(2x2)O overlayer corresponds to a fractional surface cov-
erage of oxygen adatoms of 0.25, while the p(1x2)O overlayer consists of three independent domains
that are rotated by 120° with respect to one another and corresponds to a fractional surface coverage of
oxygen adatoms of 0.5 (6,7). These two structures are shown schematically in Figs. 1(a) and (b). As
may be seen in Figs. 1(c) and (d), electron energy loss (EEL) spectra of the p(2x2)O overlayer exhibit a
vs(RuO) mode at 535 cm™ and a surface phonon at 250 ¢cm™ (7). Similarly, EEL spectra of the
p(1x2)O overlayer exhibit a v (RuO) mode at 585 cm™, a surface phonon at 240 cm™, and a v,(RuO)
mode at 430 cm™ (7). It is these spectroscopic signatures that render reproducible the synthesis of

these two well-characterized surfaces.

There are several important reasons for our interest in this system. Oxygen overlayers increase
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the effective "Lewis acidity” of transition metal surfaces, i.e. the propensity of the surface metal atoms
to accept electrons is increased. The extent of charge transfer from the ruthenium to the oxygen
adatoms of the p(2x2)O overlayer can be estiméted using the observed change in the work function of
+0.20 eV following the adsorption of oxygen into the p(2x2) overlayer (6) [making use of the previ-
ously determined ruthenium-oxygen bond length (7), and assuming that depolarization effects are negli-
gible]. It is found that approximately 0.03 electron is transferred from the ruthenium to each oxygen
adatom of the overlayer. Similarly, it is estimated that approximately 0.04 electron is transferred from
the ruthenium to each oxygen adatom of the p(1x2) overlayer, using the measured change in the work
function of +0.80 eV and correcting for depolarization effects. This charge transfer increases the separa-
tion between the Fermi level of the ruthenium surface and the w*-orbital of ethylene, and this transfer
could result in the adsorption of m-bonded ethylene on the oxygen precovered ruthenium surface by
inhibiting backdonation into the m*-orbital. For example, the preadsorption of oxygen on Pd(100),
Fe(111) and Pt{111) induces the formation of m-bonded molecular ethylene, as opposed to the di-o-
bonded ethylene observed on the clean surfaces (8-10). Furthermore, the charge transfer from the
ruthenium 0 the oxygen weakens both the metal-carbon and metal-hydrogen bonding and therefore
could result in the formation of different intermediates in the ethylene decomposition reaction, possibly,
although not necessarily, via the formation of oxygen-containing intermediates.  Finally, the coad-
sorption of oxygen and ethylene permits a quantification of the extent of poisoning of molecular chem-
isorption of ethylene by both ordered and disordered oxygen overlayers, as well as the reduction in the

extent of ethylene decomposition compared to the reduced (clean) surface.

II.  Experimental Procedures

Thermal desorption mass spectrometry and low-energy electron diffraction (LEED) measurements
were carried out in an ultrahigh vacuum (UHYV) apparatus that has been described in detail previously
(11). Briefly, the chamber is pumped by both a 220 Vs noble ion pump and a titanium sublimation
pump, which reduce the base pressure to below 107'° Torr.  The crystal is cooled to below 100 K with
liquid nitrogen, and linear heating rates of the crystal of 5-20 K/s are achieved via resistive heating con-

trolled by a power supply that is interfaced with an LSI-11 DEC laboratory computer. This UHV
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chamber contains a UTI-100C quadrupole mass spectrometer enclosed in a glass envelope for selective
sampling of gases that desorb from only the well-oriented front surface of the single crystal (12).
Low-energy electron diffraction optics and a rotatable Faraday cup are available for the display of
LEED patterns and the measurement of LEED beam profiles. A single-pass cylindrical mirror electron

energy analyzer with an integral electron gun is available for Auger electron spectroscopy.

A second UHV chamber was used to conduct high-resolution electron energy loss spectroscopic
(EELS) measurements. This chamber also has a base pressure below 107° Torr using similar pumping
techniques, and liquid nitrogen cooling and resistive heating of the crystal were similarly employed.
The home-built Kuyatt-Simpson type EEL spectrometer has been described in detail elsewhere (13,14).
it was operated such that the kinetic energy of the electron beam incident upon the crystal was approxi-
mately 4 eV, at an angle of incidence of 60° with respect to the surface normal. The spectra were
measured with a resolution of 60-80 cm™ (full-width at half-maximum of the elastically scattered peak),
while maintaining a count rate of 1-3 x 10° cps in the elastic channel. This UHV chamber also con-
tains a quadrupole mass spectrometer, but it was not, in general, employed in the thermal desorption

measurements reported here.

The techniques used for orienting, cutting, polishing and mounting the Ru(001) crystals have been
described previously (13,14).  The crystals were cleaned using periodic argon ion sputtering and rou-
tine annealing to 1000 K in 7 x 1078 Torr of O,, followed by annealing to 1700 K in vacuo. Surface
cleanliness was monitored in the two UHV chambers by Auger electron spectroscopy, EELS and hydro-

gen thermal desorption.

Research purity (99.98% min.) oxygen (!°0,) and C.P. grade (99.5%) ethylene were obtained
from Matheson. The ethylene was purified further by three freeze-thaw-pump cycles. Research purity
(99.98% min. oxygen, 99% '°0,) isotopically labeled oxygen was obtained from Merck and Co. The
purity of all gases was verified in situ by mass spectrometry in both chambers. Gas exposures are
reported in units of Langmuirs, where 1 Langmuir = 1L = 107 Torr-s. The quoted exposures have not

been corrected for the relative ionization probabilities of the different gases.
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II1. Results

A. Molecularly Chemisorbed Ethylene on the Ru(001)-p(2x2)0O and Ru(001)-p(1x2)O Sur-

faces

The ordered p(2x2) and p(1x2) oxygen overlayers were synthesized on the Ru(Q01) surface by
exposing the crystal at 90 K to 0.8 and 3 L of O,, respectively, followed by annealing o 400 K. The
existence of these ordered overlayers was verified both by LEED (6) and by EELS (7), and their struc-

tures are shown in Fig. 1, together with the corresponding EEL spectra.

Exposure of the Ru{001)-p(2x2)O and Ru(001)-p(1x2)O surfaces at 80 K to 2 L or more of
ethylene gives rise to a molecular multilayer that is identical to that observed on the clean surface (1).
This multilayer desorbs at 115 K, leaving a chemisorbed overlayer composed of the oxygen adatoms
and n-bonded molecular ethylene. Submonolayer coverages of ethylene adsorbed at 80 K are also -
bonded. Low-energy electron diffraction patterns of these overlayers of molecularly chemisorbed
ethylene continue to exhibit the indistinguishable p(2x2) and p(1x2) superstructures due to the oxygen
adatoms. Figures 2(a) and (b) are EEL spectra of C,H, and C,D, coadsorbed with the p(1x2)O over-
layer at 80 K and annealed to 200 K, while Figs. 2(c) and (d) are EEL spectra of C,H, and C,D, coad-
sorbed with the p(2x2)O overlayer at 80 K and annealed to 200 K. These spectra indicate that =-
bonded molecular ethylene is formed on both surfaces. The intense v{(RuO) mode appears at 585 cm™
in Figs. 2(a) and (b) and at 535 cm™ in Figs. 2(c) and (d). The v,(RuO) mode is not resolved from the
vi(RuQ) mode in Figs. 2(a) and (b), nor are the surface phonons resolved from the elastic peak in Figs.
2(a), (c) and (d). The peaks in the spectra of Fig. 2 that are due to n-bonded ethylene are assigned as
follows. The intense feature at 950 cm™ (695 cm™ for C,D,) is the CH, (CD,) wagging mode. The
peak at 3040 cm™ in Figs. 2(a) and (c) is the symmetric carbon-hydrogen stretching mode from which
the asymmetric stretching mode was not resolved. These modes were resolved in the EEL spectra of
deuterated ethylene [cf. Figs. 2(b) and (d)], with v(CD,) observed at 2220 cm™ and v,(CD,) at 2300
-1

cm™. The frequencies of the carbon-hydrogen (carbon-deuterium) stretching modes as well as the CH,

(CD,) wagging modes are indicative of nearly sp’-hybridized carbon atoms in the adsorbed ethylene.

The modes at 1245 and 1520 cm™ in the EEL spectra of chemisorbed C,H, are the strongly coupled
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CH, scissoring and carbon-carbon stretching modes. The CD, scissoring and carbon-carbon stretching
modes are essentially uncoupled in the spectra of deuterated ethylene and occur at 975 and 1350 cm™,
respectively. The frequency of the v(CC) mode in the spectra of deuterated ethylene indicates that this
species is m-bonded to the surface. The strong coupling of the CH, scissoring and carbon-carbon
stretching modes in the mn-bonded C,H, is in agreement with the observed coupling of these modes of
C,H, in Zeise’s salt (15,17,18). Although not resolved from the ruthenium-oxygen stretching mode in
Figs. 2(a)-(d), the v(Ru-C,H,) mode was observed at 440 cm™ in EEL spectra measured 10° off-
specular, in which the vy (RuO) mode exhibits a much lower intensity due to its largely dipolar character

and strong dynamic dipole and in which the elastic peak has also decreased in intensity.

These mode assignments are compared in Table 1 to those of multilayer and di-g-bonded
ethylene on Ru(001), C,Hy(g), Zeise’s salt, and n-bonded, molecularly chemisorbed ethylene on other
Group VIII transition metal surfaces (1,8-10,15,16,18). These comparisons confirm that molecularly
chemisorbed ethylene on both Ru(001)-p(2x2)0O and Ru(001)-p(1x2)O is n-bonded to the surfaces and
that the carbon atoms of the ethylene are very nearly sp*-hybridized, as judged by the frequencies of the
V{(CHy), v(CDy), v4(CD,) and v(CC) (of C,D4) modes, as well as the good agreement of all mode
assignments with those of Zeise’s salt, a paradigm of n-bonded ethylene. On the other hand, the carbon
atoms of di-o-bonded ethylene on the Ru(001) surface are almost completely rehybridized to sp?, as
judged by the significantly lower frequencies of the carbon-carbon and carbon-hydrogen stretching

modes, and the upshifts in the CH, and CD, wagging modes.

Annealing the m-bonded ethylene on the Ru(001)-p(1x2)O surface above 240 K results in the
reversible molecular desorption of all of the ethylene. This was demonstrated both by EEL spectra that
were measured following the annealing of adsorbed ethylene overlayers to 240 K, which exhibited only
the v4(RuO), v,(RuO) and phonon modes as in Fig. 1(d), and by thermal desorption spectra of these
overlayers that showed only the desorption of molecularly chemisorbed ethylene in a shoulder and a
peak centered at 160 and 240 K, respectively, and the desorption of the molecular ethylene multilayer
at 115 K [cf. Fig. 3(a)]. The fractional saturation coverage of ethylene chemisorbed on Ru(001)-

p(1x2)O was estimated to be 0.10 from the ethylene thermal desorption spectra. The activation energy
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of desorption (equal to the heat of adsorption since the adsorption is unactivated) of ethylene desorbing
in the 160 K peak is approximately 9.8 + 1 kcal/mole, and that of-ethylene desorbing in the 240 K peak

is approximately 14.0 + 1 kcal/mole, assuming preexponential factors of the desorption rate coefficients

of 101310 571 (19).

In contrast to the completely reversible adsorption of ethylene on the Ru(001)-p(1x2)O surface,
only one-third of the chemisorbed ethylene on the Ru(001)-p(2x2)O surface desorbs reversibly from a
saturated overlayer, the total fractional coverage of which is 0.12. As shown in Fig. 3(b), this reversi-
bly adsorbed ethylene also desorbs in a peak at 240 K and a shoulder at 160 K on the multilayer peak.
This thermal desorption measurement was conducted using a p(2x2)'%0 overlayer in order to distinguish
molecularly desorbed ethylene from C'80 that is produced by the surface reaction between carbon
(from the decomposition of ethylene) and oxygen [cf. Fig. 3(c)]. However, a small concentration of
C'®0 due to background adsorption (fractional surface coverage between 0.01 and 0.02) is also

observed to desorb, as indicated by the desorption-limited peak at approximately 450 K in Fig. 3(b).

Although molecularly chemisorbed ethylene on both the Ru(001)-p(2x2)0O and Ru(001)-p(1x2)0O
surfaces desorbs in two peaks at 160 and 240 K, EEL spectra that were measured after annealing to
temperatures between 115 and 240 K were identical and indicative of n-bonded ethylene. The
identification of the ethylene that desorbs in the 160 K peak as a m-bonded species implies that this

peak does not correspond to desorption of a second layer of ethylene.

B. Thermal Decomposition of Ethylene on the Ru(001)-p(2x2)0O Surface and on Disordered

Oxygen Overlayers on the Ru(001) Surface

Electron energy loss spectra which demonstrate the effect of annealing the molecularly chem-
isorbed ethylene overlayer on the Ru(001)-p(2x2)O surface to higher temperatures are shown in Fig. 4.
Comparing the spéctra of n-bonded ethylene annealed to 200 K [Figs. 2(c) and (d)] to those of the same
overlayers annealed to 250 K [Figs. 4(a) and (b)] indicates that by 250 K the ethylene has converted
completely to a new species which can be identified easily as ethylidyne. In fact, x-bonded ethylene
reacts to yield ethylidyne at temperatures as low as 230 K. Ethylidyne is formed also from the decom-

position of di-c-bonded ethylene on the Ru(001) surface (1), and is characterized by carbon-carbon
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stretching and symmetric methyl deformation modes at 1140 and 1370 cm™ for CCH,, and at 1150 and
1000 cm™ for CCD;. The symmetric and asymmetric carbon-hydrogen stretching modes, expected at
2945 and 3045 cm™ (2190 and 2280 cm™! for CCD,), were not resolved in these spectra, but appear as
a single feature at 2970 cm™ (2210 cm™ for CCD,). The asymmetric methyl deformation mode and
the methyl rocking mode appear at 1450 and 1000 cm™, respectively, in Fig. 4(a), but are not resolved
from the 8(CD;) and v,(RuO) modes at 1000 and 535 cm™ in Fig. 4(b). The v(Ru=CCH,) mode of
adsorbed ethylidyne, expected at 480 cm™, is not resolved from the v{(RuO) mode in either of the spec-
tra of Figs. 4(a) and (b). These mode assignments of adsorbed ethylidyne have been discussed in detail

elsewhere (1).

Electron energy loss spectra that were measured following annealing this overlayer to 350 K
[Figs. 4(c) and (d)] demonstrate the total conversion of the ethylidyne to a new species, as judged both
by the disappearance of the carbon-carbon stretching modes of CCH; and CCD; at 1140 and 1150 cm™
and the CHj rocking mode at 1000 cm™, as well as by the appearance of new modes which are attri-
buted to a nearly sp*-hybridized vinylidene (CCH,). The EEL spectrum of the deuterated vinylidene
[Fig. 4(d)] exhibits three intense peaks at 700, 1010 and 1350 cm™'. The peak at 1350 cm™' may be
assigned ynambiguously to the streiching mode of a carbon-carbon double bond since it is far too high
in frequency to correspond either to any carbon-deuterium deformation mode or to v(CC) of a single
bond. The loss features at 700 and 1010 cm™ are assigned to the CD, wagging and scissoring modes.
The other loss peaks at 435, 2180 and 2290 cm™ are then assigned easily as the v(Ru=CCD,), v{(CD,)
and v,(CD,) modes of the CCD,. The v(CO) mode of a small concentration of carbon monoxide that is
due to adsorption from the background of the UHV chamber appears at 2035 cm™ in Fig. 4(d). This
CO corresponds to a fractional surface coverage of less than 0.02 (20), contributes slightly to the loss

peak at 435 cm™, and has no effect upon the other adsorbates.

The EEL spectrum of the comesponding hydrogenic species (CCH,) in Fig. 4(c) exhibits two
clearly resolved peaks at 895 and 1435 cm™. The peak at 895 cm™ is due to the CH, wagging mode
that has shifted up from 700 cm™ in the deuterated spectrum. The more intense loss feature at 1435

cm™ results from two overlapping peaks that correspond to the carbon-carbon stretching mode and the
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CH, scissoring mode that have shifted up from 1350 cm™ and 1010 cm™, respectively, in CCD,. The
other loss peaks at 455, 2985 and 3050 cm™ are the v(Ru=CCH,), v{(CH,) and v,(CH,) modes of
CCH,. The CH, rocking mode is also evident at 965 cm™ in Fig. 4(c), although the CD, rocking mode

is not resolved from the CD, wagging mode in the spectrum of CCD, in Fig. 4(d).

The vibrational frequencies of this vinylidene are compared in Table 2 to those of vinylidene in
an Os3H,(CO)y(CCHy) cluster compound and to two other surface species that have been identified as
CCH, (21-23).  There is a good correspondence between the vibrational frequencies of the CCH, in
the cluster and the vinylidene that is present on the Ru(001)-p(2x2)O surface. The CCH, ligand of the
complex is bridge-bonded to two osmium atoms with w-electron donation from the carbon-carbon dou-
ble bond to the third osmium atom, as shown schematically in Fig. 5(a) (21). The structure of this
compound, determined by X-ray crystallography, is shown in Fig. 5(b) (24).

The existence of a CCH, species on the Ru(001)-p(2x2)O surface following ethylene adsorption at
80 K and annealing to 350 K is confirmed further by the hydrogen thermal desorption spectrum, shown
in Fig. 3(d), from ethylene adsorbed on the Ru(001)-p(2x2)!80 surface. Approximately half of the
hydrogen desorbs below 350 K, indicating that the surface species present at 350 K has a ’stoichiometry
of C;H,. The hydrogen that desorbs in the two peaks at 210 and 250 K therefore corresponds to hydro-
gen that results from the dehydrogenation of n-bonded ethylene to ethylidyne and the subsequent dehy-
drogenation of ethylidyne to vinylidene. As may be seen by comparing the hydrogen thermal desorp-
tion spectrum of Fig. 3(d) with that of hydrogen adsorbed on the Ru(001)-p(2x2)O surface [Fig. 3(e)],
most of the hydrogen that results from the dehydrogenation of ethylene and ethylidyne desorbs above
the temperature at which chemisorbed hydrogen desorbs from the Ru(001)-p(2x2)O surface, and is

therefore a reaction-limited desorption product.

The vinylidene could be rehydrogenated to ethylidyne, indicating that this reaction is reversible.
After a saturation coverage of CCH, was formed, the Ru(001)-p(2x2)O surface was cooled to 80 K,
exposed to 10 L of hydrogen and annealed to 200 K. Subsequently measured EEL spectra showed the
presence of ethylidyne and a small amount of unreacted vinylidene, indicating that most of the CCH,

- had been rehydrogenated.  Annealing this overlayer to 350 K results in the dehydrogenation of the
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ethylidyne to vinylidene. In another experiment, the vinylidene was exposed to 15 L of deuterium at a
surface temperature of 200-250 K. The EEL spectrum of this overlayer indicates the existence of
different isotopes of ethylidyne. As expected, the species with the highest coverage is CCH,D with a
8,(CH,D) mode at 1260 cm™, whereas CCH; is present at a lower coverage. Neither CCD,H nor CCD;

was detected.

As shown in Fig. 3(d), annealing the vinylidene overlayer on the Ru(001)-p(2x2)O surface to
higher temperatures causes further hydrogen desorption in a peak at 400 K, indicating that the CCH,
has dehydrogenated. Electron energy loss spectra of the overlayer that is formed by annealing the sur-
face to 400 K [cf. Figs. 4(e) and (f)] are consistent with this interpretation. The stable species on the
surface at this temperature are carbon adatoms and methylidyne, which are formed via cleavage of the
carbon-carbon bond and one carbon-hydrogen bond of vinylidene. No intermediates in the vinylidene
decomposition reaction such as methylene (CH,) or acetylide (CCH) were observed by EELS. The
existence of methylidyne is indicated both by the presence of a carbon-hydrogen bending mode at 810
cm™ and a carbon-hydrogen stretching mode at 3010 cm™ in Fig. 4(e). The carbon-deuterium bending
mode, expected ét 615 cm™ for CD, overlaps and is unresolved from the intense Vs(RuO) mode in Fig.
4(f). The carbon-deuterium stretching mode, observed at 2250 cm™, is, however, at the same frequency
as that of methylidyne on the clean Ru(001) surface (1,2). The v(Ru=CH) and v,(Ru=CD) modes
expected at 465 and 415 cm™ were not resolved from the Vs(RuO) mode in these spectra. Note, how-

ever, that the phonon mode of the p(2x2) oxygen overlayer was resolved in the spectrum of Fig. 4(f).

Both the hydrogen thermal desorption spectra and the EEL spectra measured following annealing
this overlayer to higher temperatures show that the methylidyne dehydrogenates between 500 and 700
K. The surface carbon reacts with the oxygen adatoms ('*0) to form C'®0, which desorbs above 500
K, as shown in Fig. 3(c). This carbon monoxide desorption peak is reaction-limited, because this cover-
age of desorption-limited CO would appear at a much lower temperature (approximately 430 K) on this
surface. Neither CO, nor H,O was observed to desorb from this overlayer, indicating that the adsorbed
oxygen either reacted with carbon above 500 K evolving CO or remained on the surface and desorbed

only after annealing to 1700 K. Due to the absence of both spectroscopically observed intermediates
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and mass spectrometrically detected reaction products, neither the ethylene, ethylidyne, vinylidene nor

methylidyne reacts with the oxygen adatoms on the Ru(001)-p(2x2)O surface.

Finally, the adsorption and reaction of saturation coverages of ethylene on disordered oxygen
overlayers on Ru(001) have also been investigated. The disordered oxygen overlayers were prepared by
exposing the Ru(001) surface to oxygen at 80-100 K. The fractional surface coverages of oxygen were
estimated by using the linear relationship between coverage and exposure, and the known coverage of
0.25 corresponding to a 0.8 L exposure of oxygen (25). Hydrogen and ethylene thermal desorption
spectra were used to evaluate the inhibition of reversible and irreversible ethylene adsorption by the
preadsorbed oxygen. It was found that the fraction of ethylene that chemisorbs reversibly increases
with increasing oxygen precoverage, while the amount of irreversibly adsorbed ethylene decreases
approximately linearly with the oxygen precoverage. As shown in Fig. 6, a fractional coverage of oxy-

gen of approximately 0.35 inhibits ethylene decomposition completely.

1V. Discussion
A. Molecularly Chemisorbed Ethylene

It has been shown that ethylene chemisorbed on the Ru(001)-p(2x2)O and Ru(001)-p(1x2)O sur-
faces below 230 K is a m-bonded molecular species, for example, by comparison of the vibrational
spectra to that of Zeise’s salt. Calculations of the electronic structure of Zeise’s anion have suggested
that donation of electron density from the m-orbital of ethylene to the platinum accounts for at least
75% of the total bonding of the ethylene ligand to the platinum, while backdonation from the platinum
d-orbitals to the ethylene n"-orbital accounts for the rest (26). The occurrence of a small amount of
backbonding in Zeise’s salt is consistent with neutron diffraction results, which show that the hydrogen
atoms are bent away from the metal atom such that the carbon atoms are positioned 0.16 A away from
the plane of the four hydrogen atoms and towards the platinum atom (27). If no backbonding were to
occur, the hydrogen and carbon atoms would remain coplanar. By analogy to Zeise’s salt, the bonding
of ethylene to these modified ruthenium surfaces may be described in terms of the donation of electron
density from the m-orbital of ethylene to the d-band of the ruthenium of which the local density of

unoccupied states has been increased by the presence of the electronegative oxygen adatoms, and the
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simultaneous backdonation of a small amount of electron density from the ruthenium surface to the rt’-

orbital of chemisorbed ethylene.

The ability of ethylene to act both as a m-donor and a =’-acceptor lowers the vibrational fre-
quency of the carbon-carbon stretching mode of chemisorbed, m-bonded C,D, to 1350 cm™ and of
C;D4 in Zeise’s salt to 1353 cm™ from the gas phase value of 1515 cm™. The frequency of the
carbon-carbon stretching mode of n-bonded C,H, cannot be compared to that of C,H4(g) due to the pre-
viously discussed coupling of the §CH,) and v(CC) modes of the chemisorbed ethylene. However, the
frequencies of these two modes agree with those of the ethylene ligand in Zeise’s salt, suggesting that
the degree of mode coupling and the bonding are similar in the two species. The bonding of ethylene
to platinum in Zeise’s salt increases the carbon-carbon bond length to 1.375 A from 1.337 A in gaseous
ethylene (27), and a similar lengthening of this bond is expected to occur in the ethylene that is n-

bonded w the Ru(001)-p(1x2)0O and Ru(001)-p(2x2)O surfaces.

Previous investigations (1,3) of ethylene adsorbed on clean, hydrogen precovered, and CO-
precovered Ru(001) surfaces have shown that the molecularly chemisorbed ethylene is di-o-bonded with
a carbon-carbon stretching frequency of 1040 cm™. Hence, the carbon atoms of di-c-bonded ethylene
on the Ru(001) surface are essentially sp’-hybridized, whereas those of m-bonded ethylene on the
Ru(001)-p(2x2)0O and Ru(001)-p(1x2)O surfaces are more nearly sp>-hybridized. The change in the
hybridization of the carbon atoms of adsorbed ethylene from sp® as observed on the clean surface to
nearly sp’ as observed on the oxygen precovered surfaces has also been observed for coadsorbed
ethylene and oxygen on the Pd(100), Fe(111) and Pt(111) surfaces (8-10,28). Moreover, the observed
vibrational frequencies of these m-bonded ethylene species agree quite well with those of m-bonded
ethylene on the Ru(001)-p(2x2)O and Ru(001)-p(1x2)O surfaces, as shown in Table 1. Our results are
also in agreement with those of Barteau et al. (29) for ethylene chemisorbed on the Ru(001)-p(1x2)O

surface at 170 K.

Since there is no indication of any direct chemical interaction between the C;H4 and the oxygen
adatoms, the interaction between ethylene and the Ru(001), the Ru(001)-p(2x2)O and the Ru(001)-

p(1x2)O surfaces may be discussed in terms of the "Lewis acidity" of the surface. When oxygen is
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adsorbed, the Lewis acidity of the surface; i.e., the ability of the ruthenium atoms to accept electrons,
increases. As discussed in Sect. I, approximately 0.03 electron is transferred from the ruthenium to
each oxygen adatom of the p(2x2) overlayer, and 0.04 electron is transferred to each oxygen atom of
the p(1x2) overlayer. This charge transfer increases the Lewis acidity of the surface ruthenium atoms,
making n-donation from ethylene to the ruthenium more favorable and w*-backdonation from the sur-
face less favorable, and this alters the bonding of ethylene from di-o- to m-bonding. A similar effect
has been observed when acetone is adsorbed below 200 K on the Ru(001) and the Ru(001)-p(2x2)0O
surfaces (30). On Ru(001), acetone forms largely a side-on bonded T\Z(C,O)-(CH3)2CO species, as well
as a small amount of n!-acetone, which is bonded through a lone pair of electrons on the oxygen atom.
Addition of the p(2x2)O overlayer to the surface stabilizes the 7'-acetone with respect to the m?-
acetone, since the 7'-bonding configuration maximizes the net electron transfer from the acetone to the
ruthenium. In both cases the increased Lewis acidity of the ruthenium surface increases the selectivity
towards the adspecies which donate the most electron density and withdraw the least, n'-acetone and
n-bonded ethylene. Similar effects have been observed also for the coadsorption of oxygen with for-

maldehyde (31) and with formamide (32) on Ru(001).

On the other hand, the preadsorption of oxygen on Ru(001) does not alter the bonding of acet-
ylene: the carbon atoms of acetylene are rehybridized to nearly sp® on the Ru(001), Ru(001)-p(2x2)O
and Ru(001)-p(1x2)O surfaces (2,33). This is a consequence of the different energy levels of the unoc-
cupied m-orbitals of gaseous ethylene (1b,;) and acetylene (mg), which lie at -2.85 and -6.1 eV with
respect to the vacuum level, respectively (34,35).  Upon adsorption, these orbital energies will down-
shift and broaden. Analogously, ultraviolet photoelectron spectroscopic data of Demuth and Eastman
(36) show that the bonding m-orbitals, m, of acetylene and bs, of ethylene, shift from -11.4 to -13.1 eV
and from -10.5 eV to -11.6 eV upon adsorption of C,H, and C,H, on Ni(111). The Fermi level of
Ru(001) lies at -5.5 eV (37), and the Fermi levels of Ru(001)-p(2x2)O and Ru(001)-p(1x2)O lie at -5.7
and -6.3 eV with respect to the vacuum (zero) level (6). The energy of the g-orbital of acetylene shifts
below the Fermi level of all three surfaces upon adsorption such that backdonation to the empty Ty

orbital of acetylene occurs, resulting in rehybridization of the carbon atoms to sp®. Similarly, the
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energy of the m* (lby,) orbital of ethylene shifts sufficiently near the Fermi level of Ru(001) and
broadens upon adsorption to facilitate backdonation, resulting in the formation of di-o-bonded ethylene
on the clean surface. However, the Fermi levels of the two oxygen precovered surfaces are
apparently too low in energy with respect to that of the m*-orbital to allow significant backdonation.

Hence, ethylene adsorbed on these two surfaces is n-bonded.

The effect of oxygen adatoms upon the postadsorption of ethylene may be compared with that of
carbon, which, like oxygen, is adéorbed in threefold hollow sites on Ru(001) (7,38,39). A fractional
coverage of 0.25 carbon adatoms (which is equal to the coverage of oxygen adatoms in the p(2x2)0
overlayer) produced by the thermal decomposition of ethylene on Ru(001) results in less charge transfer
compared to the p(2x2) oxygen overlayer due to the similar electronegativities of ruthenium (2.2) and
carbon (2.55), and the greater electronegativity of oxygen (3.44). Electron energy loss spectra of
ethylene adsorbed on the Ru(001) surface precovered with a fractional coverage of 0.25 carbon adatoms
show that this ethylene is di-c-bonded (40), confirming that the n-bonding of molecular ethylene

induced by the p(2x2) oxygen overlayer results from an electronic perturbation of the surface.

In addition to the change in the nature of the bonding of chemisorbed ethylene on the Ru(001)
surfaces modified chemically by oxygen adatoms, the total coverage of molecularly chemisorbed
ethylene is also reduced. As shown by the ethylene and hydrogen thermal desorption spectra, a frac-
tional coverage of oxygen adatoms of 0.5 reduces the saturation fractional coverage of chemisorbed
ethylene to 0.10, all of which adsorbs reversibly (cf. a saturation fractional coverage of 0.30 on Ru(001)
of which 0.06 desorbs reversibly). The observation that a larger fraction of n-bonded ethylene desorbs
molecularly compared with di-G-bonded ethylene is in agreement with results for ethylene adsorbed on
the clean and oxygen precovered Pd(100), Fe(111) and Pt(111) surfaces (8-10). Indeed, all of the =n-
bonded ethylene adsorbed on Pd(100) is thought to desorb reversibly, independent of the oxygen pre-

coverage (8).

The appearance of two molecular ethylene desorption peaks above the temperature of multilayer
desorption [cf. Fig. 3(a) and (b)] may be related to the local structures of the p(2x2) and p(1x2) oxygen

overlayers. The 240 K peak appears with greater intensity in the ethylene thermal desorption spectra of
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the p(2x2)O overlayer than in those of the p(1x2)O overlayer, whereas the shoulder at 160 K appears
with slightly greater intensity in the spectra of the p(1x2)O overlayer. These observations suggest that
the 240 K peak may correspond to ethylene chemisorbed in areas with local p(2x2)O structure, whereas
the 160 K peak may comrespond to ethylene chemisorbed in areas with local p(1x2)O structure. If this

interpretation is correct, the coverages of ethylene corresponding to these two thermal desorption peaks

are indicative of the short-range perfection in these two ordered overlayers.

The desorption of m-bonded ethylene at 240 K occurs at a slightly higher temperature than that at
which di-o-bonded ethylene desorbs molecularly (1). The 240 X desorption temperature indicates that
the strength of the ruthenium-ethylene n-bond is approximately 14 kcal/mole (perhaps slightly higher
due to a small degree of rehybridization). The di-o-bonded ethylene has a slightly lower heat of
adsorption (11 kcal/mole), but a higher binding energy of 80 kcal/mole taking into account the rehy-

bridization that occurs upon adsoiption.
B. Thermal Decomposition of Chemisorbed Ethylene

As mentioned above, the n-bonded, molecularly chemisorbed ethylene that is observed on the
Ru(001)-p(2x2)O surface decomposes to a lesser extent than the di-o-bonded ethylene on the clean, the
hydrogen precovered (Bg = 0.25), or the CO precovered (8co = 0.25) ruthenium surfaces. This
difference results from the much stronger modification in the electronic structures of the surface by oxy-
gen compared with hydrogen or CO. The primary effects of preadsorbed CO and hydrogen upon
ethylene adsorption and reaction are to block the adsorption of ethylene and enhance molecular desorp-
tion relative to decomposition by blocking adsorption sites of the decomposition products (3). On the
other hand, oxygen adatoms modify the chemical nature of the surface qualitatively, thereby altering the
nature of the molecular bonding of ethylene (from di-o- to n-bonding) and changing its decomposition
products. For example, sp>-hybridized vinylidene is observed as a product of the dehydrogenation of
ethylene on Ru(001)-p(2x2)O, whereas it is not observed on the reduced Ru(001) surface. It appears
that sp® hybridization and m*-bonding are favored on Ru(001), upon which di-o-bonded ethylene and
sp’-hybridized acetylide are formed, and that sp® hybridization and m!-bonding are favored on the

Ru(001)-p(2x2)O surface, upon which n-bonded ethylene and sp*-hybridized vinylidene are formed.
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Ethylidyne is observed oﬁ both Ru(001) (sp® hybridization) and Ru(001)-p(2x2)0O (n'-bonding). The
presence of coadsorbed oxygen makes sp® hybridization and m2-bonding less favorable due, in part, to a
weakening of the ruthenium-carbon bonds. This reduced bond strength is also manifest in less irreversi-
ble adsorption on the oxygen precovered surface: preadsorbed oxygen decreases the amount of ethylene
that is adsorbed irreversibly in an approximately linear fashion (41). Similar linear reductions in the

extent of ethylene dehydrogenation by oxygen preadsorption have been observed on the Pd(100),

Fe(111) and Pt(111) surfaces (8-10).

Electron energy loss spectra of ethylene adsorbed on the Ru(001)-p(2x2)O surface show that n-
bonded ethylene reacts near 230 K to form ethylidyne, all of which dehydrogenates to an sp*-hybridized
vinylidene between 250 and 350 K with simultaneous desorption of hydrogen. It is rather likely that
the n-bonded ethylene first dehydrogenates to vinylidene and that this vinylidene rehydrogenates to
ethylidyne due to the presence of surface hydrogen at temperatures below 250 K. This postulate is sup-

ported by EEL experiments, which showed that vinylidene coadsorbed with hydrogen could be rehydro-

genated to ethylidyne.

In contrast to the partially irreversible adsorption of ethylene on the Ru(001)-p(2x2)O surfaces,
n-bonded ethylene on Pd(100), precovered with 0.18 monolayer of oxygen forming a disordered over-
layer, adsorbs reversibly (42), and a variation in oxygen precoverage merely changes the ratio of di-o-
bonded to n-bonded ethylene that is formed (8). The di-c-bonded ethylene on Pd(100) dehydrogenates
at 250 K to sp*-hybridized CHCH, which decomposes at higher temperatures to methylidyne.  As
shown by EELS, the n-bonded ethylene that is chemisorbed on Pt(111) with a fractional precoverage of
023 oxygen adatoms forms a new, previously unidentified species upon annealing to 325 K
(10). Although spectra of the corresponding deuterated species are not available to confirm our
assignment, we suggest that the n-bonded ethylene coadsorbed with a fractional coverage of 0.23 oxy-
gen adatoms on Pt(111) converts to an sp*-hybridized vinylidene. Indeed, the EEL spectrum of this
vinylidene is very similar to that of vinylidene on Ru(001)-p(2x2)0. It exhibits an intense and broad
loss feature at 1420 cm™ probably due to the (uncoupled) 8(CH,) and v(CC) modes. The v,(CH,) and

v4(CH,) modes appear at 2980 and 3080 cm™, respectively. Other modes that appear at 940, 820 and
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730 cm™ may be assigned to the CH, rocking, wagging and twisting modes of vinylidene. On the

Pt(111) surface, ethylene is di-o-bonded and converts to ethylidyne near 300 K, and it is possible that
vinylidene on the oxygen precovered surface may also be hydrogenated to ethylidyne. Hence, the
interaction of ethylene with ruthenium precovered with a p(2x2)O overlayer is similar to that observed
with platinum upon which a comparable fractional coverage of oxygen is present: on both surfaces, n-
bonded ethylene converts to vinylidene. Both of these surfaces are more reactive than oxygen

precovered Pd(100).

As discussed in Sect. III.B, the identification of adsorbed vinylidene on Ru(001)-p(2x2)O is
confirmed by both EEL spectra and by hydrogen thermal desorption spectra, which show that the
stoichiometry of the intermediate is C,H,. Note that the EEL spectra of Figs. 4(c) and (d) cannot be
attributed to chemisorbed acetylene due to the absence in Fig. 4(c) of the intense carbon-hydrogen
bending mode at 765 cm™, which is characteristic of acetylene chemisorbed on the Ru(001) and
Ru(001)-p(2x2)O surfaces, and the observation of CH, and CD, scissoring modes at 1435 and 1010
em™ in Figs. 4(c) and (d). The presence of methylidyne at this temperature can be ruled out due to the
absence of an intense CH bending mode in the EEL spectrum of Fig. 4(c), which would be expected at
810 cm™. The existence of CH; and CD; groups may also be excluded by examination of the EEL
spectra. The vibrational frequencies of the adsorbed vinylidene agree with those of the vinylidene in
the Os3(CO)(CCH)H, complex (21), the bonding configuration and structure of which are shown in
Figs. 5(a) and (b) (24). We would expect that the vinylidene is adsorbed similarly on the ruthenium
surface with the CCH, bridge-bonded, the carbon-carbon bond axis tilted with respect to the surface
normal, elongation of the carbon-carbon bond compared to that of gaseous ethylene, and with some
donation of electron density from the n-orbital of the CCH; to the d-band of the ruthenium surface [cf.
Fig. 5(c)]. The observed v(CC) mode of adsorbed CCH, at 1435 cm™ is lowered from those of
C,H4(g) at 1623 cm™ and the CCH; ligand in CpRuy(CO)o(u—-COYp—CCH,) at 1586 cm™ (43), due to
the m-electron donation from the carbon-carbon bond to the metal surface that occurs in the chem-
isorbed vinylidene. The overlap of the v(CC) and 8(CH,) modes of adsorbed vinylidene at 1435 ¢cm™!

indicates that these modes are not coupled in this species, unlike those of n-bonded ethylene. It cannot
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be entirely ruled out that the v(CC) mode appears at a slightly lower frequency than 1435 cm™, and
that the 8(CH,) mode "steals" intensity from the v(CC) mode via mode coupling. However, the
absence of any evidence for a shoulder on the low-frequency side of the peak at 1435 cm™ in Fig. 4(c)

makes this unlikely.

Gates and Kesmodel (22) have suggested the presence on the Pd(111) surface of a CCH,
adspecies as an intermediate to the formation of ethylidyne from hydrogen and acetylene. This postu-
lated CCH; adspecies was coadsorbed with acetylene, hydrogen and ethylidyne. Thus, only two of the
vibrational modes were identified, v(CC) and/or 8(CH,) at 1437 cm™ and v(CH,) at 2986 cm™ [w(CC)
at 1372 cm™ and v(CD,) at 2206 cm™ for CCD,]. A CCH, adspecies, an intermediate in the hydroge-
nation of acetylene to ethylidyne on Pt(111), was tentatively identified by Ibach and Lehwald (23) with

mode assignments listed in Table 2. The assignment of the carbon-carbon stretching mode to a loss

feature at 1100 cm™

suggests sp> hybridization of the carbon atoms of the CCH, on Pt(111), indicating
that this species is quite different from the sp>-hybridized CCH, species observed on Ru(001)-p(2x2)0
and the oxygen precovered Pt(111) surfaces. The change in hybridization of the CCH, species on plati-
num due to the presence of oxygen supports our earlier assertion that sp® hybridization is preferred on
clean metal surfaces, whereas sp> hybridization is preferred in the presence of oxygen. Moreover, the
observed conversion of CCH; to ethylidyne on palladium and platinum agrees with our observation that

the conversion of ethylidyne to vinylidene is reversible on Ru(001), provided sufficient hydrogen is

present.

The thermal evolution of n-bonded ethylene on Ru(001)-p(2x2)O can be summarized as follows.
The ethylene reacts to form ethylidyne, possibly via a vinylidene intermediate, below 250 XK. In con-
trast to the total dehydrogenation of ethylidyne to carbon with the simultaneous evolution of hydrogen
with no stable intermediate on the Ru(001) surface, the ethylidyne on the Ru(001)-p(2x2)O surface
dehydrogenates to vinylidene upon annealing to 350 K. The vinylidene decomposes to methylidyne and
carbon adatoms evolving hydrogen between 350 and 450 K, possibly though an unstable acetylide inter-
mediate. Acetylide, which was observed following the adsorption of ethylene on the Ru(001) surface,

also decomposes via carbon-carbon bond cleavage to methylidyne at approximately the same tempera-
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ture at which vinylidene decomposes on the Ru(001)-p(2x2)O surface. The methylidyne that is formed

on Ru(001)-p(2x2)O decomposes between 500 and 700 K. Finally, the carbon reacts with oxygen

adatoms to form CO, which desorbs in a reaction-limited step between 500 and 750 K.

The hydrogen thermal desorption spectra from ethylene chemisorbed on the Ru(001)-p(2x2)O sur-
face are completely consistent with this decomposition mechanism. Hydrogen that is evolved from the
ethylene and ethylidyne decomposition reactions desorbs in two peaks at 210 and 250 K. These two
peaks account for half of the hydrogen desorption from the surface, consistent with the stoichiometry of
the vinylidene intermediate observed on the surface at 350 K. The hydrogen thermal desorption
peak at 400 K corresponds to one-quarter of the total amount of hydrogen that is desorbed and is there-
fore consistent with the dehydrogenation of vinylidene to methylidyne and carbon adatoms. The final

quarter of the hydrogen desorbs above 500 K as the methylidyne decomposes.

Only C;H,, Hy and CO were observed to desorb following the chemisorption of ethylene on the
Ru(001)-p(2x2)O surface. This result is similar to the coadsorption of ethylene and oxygen on Fe(111),
but unlike the coadsorption of ethylene and oxygen on Pd(100) and Pt(111), which exhibited CO, and
H,0O desorption as well (8-10). The absence of CO, and H,0 in the thermal desorption spectra from
the ruthenium surface is not surprising since neither the formation of CO, from coadsorbed CO and
oxygen (44) nor the formation of water from coadsorbed oxygen and hydrogen has been observed under
UHV conditions on the Ru(001) surface in transient thermal desorption experiments (45). The lower
reactivity of ruthenium and iron for the oxidation of carbon monoxide and hydrogen is a consequence
of the stronger metal-oxygen bonds that are formed (6,46) compared with those of platinum (47) and

palladium (48).

Finally, the chemistry of ethylene on the Ru(001)-p(2x2)O surface may be compared to the
organometallic chemistry of homogeneous compounds. For example, it has been shown that ethylene
reacts with Os3(CO)y, to form the vinyl cbmplex, HOs3(CH=CH,)(CO),g, which forms the vinylidene
complex, H;Os3(CO)(C=CH,) (21) upon heating. The latter can be hydrogenated to an ethylidyne
complex, H3Os3(CO)(CCH3) (21,24,49), just as chemisorbed vinylidene can be rehydrogenated to ethyl-

idyne on the Ru(001)-p(2x2)O surface. These results also suggest that the conversion of n-bonded
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ethylene to vinylidene on Ru(001)-p(2x2)O occurs via a vinyl intermediate.

V. Conclusions

The presence of ordered p(2x2) and p(1x2) oxygen overlayers on the Ru(001) surface gives rise
to m-bonding of molecularly chemisorbed ethylene, such that the carbon atoms of the ethylene remain
nearly sp’-hybridized. This species is qualitatively different from the sp’-hybridized, di-s-bonded
ethylene that is observed on the clean surface. Intuitively, this difference reflects the greater Lewis aci-
dity of the Ru(001)-p(2x2)O and Ru(001)-p(1x2)O surfaces. More precisely, it is a consequence of a
significant perturbation in the electronic structure of the ruthenium surface by the ordered oxygen over-
layers, which increases the energy separation between the Fermi level and the m*-orbital of ethylene

making backdonation unfavorable.

As observed on the oxygen precovered Pt(111), Pd(100) and Fe(111) surfaces, a larger fraction
[one-third on Ru(001)-p(2x2)0] of n-bonded ethylene desorbs molecularly than does di-o-bonded
ethylene on the reduced surfaces. The remaining two-thirds of the saturation coverage of ethylene
adsorbed on the Ru(001)-p(2x2)O surface dehydrogenates to ethylidyne probably via a vinylidene inter-
mediate upon heating to 250 K. In contrast to the observed total decomposition of ethylidyne to carbon
and hydrogen on the Ru(001) surface with no stable intermediates, the presence of oxygen induces the
formation of an sp’-hybridized vinylidene species from ethylidyne at 350 K. By analogy to the
H,0s4(CO)(CCH,) cluster (21,24,49), this chemisorbed vinylidene is almost certainly bridge-bonded to
two adjacent ruthenium atoms and tilted towards a third ruthenium atom with donation of electron den-
sity from the m-orbital to the d-band of the ruthenium surface, as shown in Fig. 5(c). The chemisorbed
vinylidene decomposes near 400 K to carbon adatoms and methylidyne, the latter of which dehydrogen-
ates between 500 and 700 K. The vinylidene could be rehydrogenated to ethylidyne in the presence of
hydrogen, analogous to the formation of ethylidyne from CCH, on reduced Pt(111) and Pd(111) (22,23).
No oxygen-containing intermediates in ethylene decomposition were observed under any conditions of

temperature and coverage. Oxygen adatoms reacted only with carbon adatoms, forming CO above 500

K.
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Finally, the presence of oxygen favors 1'-bonding and sp? hybridization as shown by both the
existence of m-bonded ethylene on the oxygen precovered Pt(111), Pd(100), Fe(111) and Ru(001) sur-
faces (8-10), as well as the formation of sp*-hybridized vinylidene on these chemically modified
Ru(001) and Pt(111) surfaces (10). On the other hand, m*bonded, sp’-hybridized ethylene was

observed in the absence of oxygen on all four surfaces.
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Table 2. Comparison of vibrational frequencies (in cm™) of CCH, on the Ru(001)-p(2x2)O surface

with other CCH, species.

CCI'II on CCHZ on

CCH, on CCD, on Os:H,(COX(CCH,)  Pd(111) P11
Mode Ru(001)-p(2x2)0  Ru(001)-p(2x2)0 @n 22) (23)
v(Ru-C) 455 435 255-311 nr. n.r.
1(CH,) or (CDy) n.r. n.r. 808 nJt. nr
©(CH3) or (CDy) 895 700 959 nr. 900
p(CH,) or (CD2) 965 n.r. 1048 nJ. nr.
8(CH;) or (CDy) 1435 1010 + (;467 nr. 1420
v(CO) 1435 1350 328 1328 1100
v,(CH>) or (CD,) 2985 2180 2990 2986 2970
\'a(CH:) or (CD:) 3050 2290 3052 nr. n.r

n.r. = not resolved.

T = coupled.
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Figure Captions

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 3.

Figure 6.

The structures and unit cells of the (a) p(2x2) and (b) p(1x2) ordered oxygen overlayers on
the Ru(001) surface. Note that the oxygen occupies threefold hollow sites in both over-
layers. Electron energy loss spectra of the (c) p(2x2) and (d) p(1x2) ordered oxygen over-

layers.

The EEL spectra that result from 2 L exposures of (a) C,H, and (b) C,D, on the Ru(001)-
p(1x2)O surface, and (c) C;H, and (d) C,D,4 on the Ru(001)-p(2x2)O surface at 80 K, fol-
lowed by heating to 200 K.  These spectra are characteristic of m-bonded molecular

ethylene on both surfaces.

(a) The ethylene (mass 28) thermal desorption spectrum following a 6 L exposure of C,H,
on the Ru(001)-p(1x2)O surface at 90 K. (b) The ethylene and C°O (mass 28), (c) the C'*0
(mass 30) and (d) the hydrogen (mass 2) thermal desorption spectra following a 4 L expo-
sure of C,H4 on the Ru(001)-p(2x2)'30 surface at 90 K. (e) The hydrogen (mass 2) thermal

desorption spectrum following a 10 L exposure of H, on the Ru(001)-p(2x2)O surface at 90

K

The EEL spectra that result from 2 L exposures of C,H, [(a), (¢), (e)] and C,D, [(b), (d), ()]
on the Ru(001)-p(2x2)O surface at 80 K and heated to: (a), (b) 250 K; (c), (d) 350 K; and

(e), (f) 400 K.

(a) The bonding configuration and (b) the structure of CCH, in Os3Hy(CO)o(CCH,) (24). (¢)

The analogous bonding configuration of CCH, on the Ru(001)-p(2x2)O surface.

The inhibition of irreversible ethylene adsorption by preadsorbed oxygen adatoms.
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Abstract

The chemisorption and decomposition of methylamine on the Ru(001) surface have been investi-
gated using high-resolution electron energy loss spectroscopy and thermal desorption mass spectrometry.
Methylamine chemisorbs molecularly below 300 K and is coordinated to the ruthenium via the lone pair
of electrons on the nitrogen atom. Annealing to 300 K induces carbon-hydrogen bond cleavage yield-
ing chemisorbed CH,;NH, and hydrogen adatoms. Further annealing to 350 K results in the formation
of CHNH,, which is also bonded to the surface via the carbon atom. The lone pair of electrons origi-
nally on the nitrogen atom is delocalized and contributes to the carbon-nitrogen bonding in CHNH,.
The frequency of the v(CN) mode occurs between those expected for unperturbed carbon-nitrogen sin-
gle and double bonds. The chemisorbed CHNH, decomposes via two competing pathways. The minor-
ity pathway leads to the formation of carbon adatoms and the evolution of ammonia. The majority
pathway is the total dehydrogenaﬁon to a side-on bonded C=N adspecies with simultaneous evolution of
hydrogen occurring. The C=N decomposes to carbon and nitrogen adatoms upon annealing to between

500 and 700 K, and the recombinative desorption of nitrogen is observed above 800 K.
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1. Introduction

Recent spectroscopic investigations of the interaction of ammonia adsorbed on the Ru(001) sur-
face (1-3) and formamide adsorbed on the the Ru(001)-p(1x2)O surface (4) indicate the occurrence of
molecular chemisorption at low temperatures, with bonding via a sharing of the lone pair of electrons
on the nitrogen (and/or oxygen) atom with the surface. To elucidate further the nature and stability of
this type of bonding, we have examined the molecular chemisorption of methylamine on Ru(001). The
decomposition of this amine was also studied and serves as a comparison to the decomposition of for-
mamide, ammonia and methanol (5). The decomposition of methylamine should clarify the different
propensities for carbon-hydrogen and nitrogen-hydrogen bond cleavage. This also permits a comparison
of carbon-nitrogen bond cleavage in the decomposition products of methylamine with carbon-nitrogen

bond cleavage in the decomposition products of formamide (4).

Recently, using electron energy loss spectroscopy (EELS), Baca et al. (6) have shown that
methylamine is adsorbed molecularly on the Ni(100), Ni(111), Cr(100) and Cr(111) surfaces at 300 K.
The spectra of the chemisorbed methylamine indicate that it is bonded on all four surfaces through the

lone pair of electrons on the nitrogen atom.

The reactions of methylamine with hydrogen have been examined over thin films of transition
metals (7) and silica-supported metal catalysts (8). The two dominant reactions that are observed on
supported silver, gold, osmium, palladium, platinum, ruthenium, iridium, rhodium, nickel and cobalt
catalysts and thin films, are the formation of ammonia and methane and alkylation to dimethylamine.
Additionally, methyl cyanide (CH;CN) is synthesized on supported ruthenium and osmium. The reac-
tion of hydrogen cyanide with hydrogen over metal films produces the same reaction products as
methylamine (7). The present work will attempt to identify spectroscopically possible reaction inter-

mediates, which could not be accomplished in these earlier investigations.

II. Experimental Procedures

The EEL spectrometer used in these studies, as well as the ultrahigh vacuum (UHV) chamber in

which it is contained, has been described in detail elsewhere (9). Briefly, the stainless steel UHV
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chamber is pumped by both a 220 I/s noble ion pump and a titanium sublimation pump, which reduce
the base pressure to below 107!° Torr. The home-built EEL spectrometer is of the Kuyatt-Simpson
type, with 180° hemispherical deflectors serving as the energy dispersing elements in both the mono-
chromator and the analyzer. The monochromator is spatially fixed, but the analyzer is rotatable to
allow off-specular spectra to be measured. All spectra presented and referred to in this paper were col-
lected in the specular direction unless otherwise noted. The impact energy of the incident electron
beam was between 4 and 6 eV in all cases, and the beam was incident on the Ru(001) crystal at an
angle of 60° with respect to the surface normal. The instrumental energy resolution in these studies,
defined as the full-width at half-maximum of the elastically scattered beam, varied from 60 to 80 cm-—1

while maintaining count rates in the elastic peak between 1.5 and 3.5 x 10° cps.

The Ru(001) crystal was cooled to 80 K with liquid nitrogen and heated resistively. The crystal
was cleaned using periodic argon ion sputtering and routine annealing to 1000 K in 7 x 107 Torr of
02, followed by annealing to 1700 K in vacuo. Surface cleanliness was monitored by EELS and

hydrogen thermal desorption.

A second UHV apparatus was used to conduct thermal desorption mass spectrometry and low-
energy electron diffraction (LEED) measurements (10). This chamber also has a base pressure below
107 Torr, using similar pumping techniques, and liquid nitrogen cooling and resistive heating of the
crystal were similarly employed. It contains a UTI-100C quadrupole mass spectrometer enclosed in a
glass envelope for selective sampling of gases that desorb from only the well-oriented front surface of
the single crystal (11). This envelope was removed for the ammonia thermal desorption experiments in
which very weak signals were observed. Low-energy electron diffraction optics and a rotable Faraday
cup are available for the display of LEED patterns and the measurement of LEED beam profiles. No
ordered LEED structures other than the (1x1) pattern of the unreconstructed substrate were observed
following the adsorption of various coverages of methylamine and annealing to higher temperatures.
Hence, no LEED results are discussed here. A single-pass cylindrical mirror electron energy analyzer
with an integral electron gun is available for Auger electron spectroscopy. The Ru(001) crystal

mounted in this chamber was cleaned as described above, and cleanliness was monitored by both Auger
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electron spectroscopy and hydrogen thermal desorption.

Methylamine, CH3NH, (98.0% min.), was obtained from Matheson, and N-deuterated methylam-
ine (99.1% min., 98% CH3ND,) was obtained from MSD Isotopes. Perdeutero methylamine (98.0%
min., 95% CDs;ND,) was obtained from Protech. All three isotopes of methylamine were further
purified via three freeze-thaw-pump cycles prior to use. The purity of all gases was verified in situ by
mass spectrometry in both chambers. Gas exposures are reported in units of Langmuirs, where 1 Lang-
muir = 1 L = 107 Torr-s. The quoted exposures have not been corrected for the relative ionization pro-

babilities of methylamine and nitrogen.

HI. Results
A. Thermal Desorption Mass Spectrometry

Thermal desorption spectra that were measured after the adsorption of methylamine on Ru(001) at
temperatures below 100 K are displayed in Figs. 1-4. Only molecular methylamine, hydrogen, nitrogen
and ammonia desorb from these overlayers. In particular, neither hydrogen cyanide nor methane was
observed. Molecular methylamine desorbs in a peak at 330 K for low initial exposures (between 0.2
and 1 L) of methylamine [cf. Fig. 1(a)]. This peak downshifts and broadens with increasing coverage.
Assuming a preexponential factor of the desorption rate coefficient of 10 to 10'* 57!, the activation
energy of desorption of methylamine at low coverage is estimated to be 20 *+ 2 kcal/mol (12). At
moderate exposures a second peak appears at 240 K as shown in Fig. 1(b). Finally, at high exposures a
peak appears at 130 K [cf. Fig. 1(c) and (d)], which does not saturate with increasing exposure and is
due to the desorption of a molecular multilayer. The assignment of this peak to a molecular multilayer

is confirmed by EELS measurements [cf. Sec. II1.B].

In addition to the reversibly adsorbed methylamine, hydrogen desorption is observed which indi-
cates that irreversible (dissociative) adsorption of methylamine occurs. At submonolayer methylamine
coverages, the hydrogen thermal desorption peak is purely desorption-limited and shifts to lower tem-
perature with increasing coverage [cf. Fig. 2(a)-(c)]. Hydrogen desorbs in a peak at approximately 380

K and also in a Jow temperature shoulder for a saturation methylamine coverage {cf. Fig. 2(d)1.
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Nitrogen thermal desorption occurs between 800 and 1050 K. As shown in the spectra of Fig. 3,
the nitrogen desorption peak shifts to lower temperature with increasing coverage. This coverage
dependence and the high desorption temperatures are both indicative of the recombinative desorption of
nitrogen adatoms. The recombinative desorption of nitrogen atoms following the decomposition of
ammonia on Ru(001) (1-2) exhibits a similar coverage dependence, although the desorption temperature
of the nitrogen is approximately 100 K lower due to the absence of carbon adatoms following ammonia

decomposition and the presence of carbon adatoms following methylamine decomposition.

Ammonia desorbs in a reaction-limited peak near 380 K [cf. Fig. 4]. This temperature is above
that (approximately 315 K) at which a similar coverage of ammonia desorbs molecularly from the
Ru(001) surface (1-3). The formation of ammonia represents a minority pathway for the decomposition
of irreversibly adsorbed methylamine. At most, a fractional coverage of 0.02 of methylamine decom-
poses to ammonia and carbon adatoms (13). In contrast, the N, and H, thermal desorption spectra indi-
cate that a fractional coverage of 0.08 of methylamine decomposes to nitrogen, carbon and hydrogen

adatoms following a saturation exposure,
B. Electron Energy Loss Spectroscopy

In agreement with the thermal desorption results, the EEL spectra measured after exposing the
Ru(001) surface to 4 L or more of methylamine (CH3NH,) at temperatures below 130 K are indicative
of a molecular multilayer. A typical EEL spectrum of the multilayer is shown in Fig. 5(a). Similar
EEL spectra have been measured for multilayers of CHsND, and CD3ND, adsorbed at 80 K. The fre-
quencies of the modes of multilayer CH3NH,, CH3ND, and CDsND, agree very well with those of
methylamine in the solid state and somewhat less well with those of methylamine in the gas phase.
These modes are listed and assigned in Table I (14-16). The most intense loss feature at 1000 cm™ in
the spectrum of CH;NH, in Fig. 5(a) is assigned to the carbon-nitrogen stretching mode, and this
assignment was confirmed by the EEL spectra of multilayers of CHsND, and CD;ND,. In the EEL
spectrum of multilayer CH;NH,, this feature also gains some intensity due to an overlap with the NH,
wagging mode that shifts to 780 ¢cm™ in the speétrum of multilayer CH3ND, and 730 cm™ for mul-

tilayer CD3;ND,. The observed frequency of the NH, wagging mode (1000 cm™) of multilayer
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CH;NH, is shifted to a higher frequency than that of CH;NH,(s) at 955 cm™ (16) due to this overlap.
The peaks assigned to the NH; and ND, wagging modes cannot be assigned to the NH, and ND, twist-
ing modes because the infrared inactive twisting mode is expected to be much weaker, if resolved at
all. The peak at 1170 cm™ in Fig. 5(a) is the CH; rocking mode, which occurs at 1185 cm™ for
CH3ND, and shifts to 835 ¢cm™ for CD,ND,. The p(CD,) mode of CD4ND, is downshifted and it
appears as a shoulder on the intense ®(ND,) mode at 730 cm™. The symmetric methyl deformation
mode occurs at 1440 and 1445 cm™ for multilayers of CH;NH, and CH3ND, and shifts to 1075 cm™!
for CD3ND,. The asymmetric methyl deformation mode is not resolved in any of these spectra. The
NH, scissoring mode occurs at 1580 cm-1, while the ND, scissoring mode is observed at 1185 and
1145 cm™ for CH;ND, and CD;ND,, respectively. The symmetric and asymmetric CH, (CD,) stretch-
ing modes are not resolved, and appear at 2930 cm™! (2215 cm™) for CH;NH, (CD,ND,) and 2915
cm™ for CH;ND,. The symmetric and asymmetric NH, stretching modes appear at 3260 and 3360
cm™! for muitilayer CH,;NH,, while the symmetric and asymmetric ND, stretching modes appear at
2375 and 2490 cm™ for CD;ND, and 2395 and 2485 cm™ for CH;ND,. The NH, and ND, twisting

modes are not resolved in any of these spectra.

As discussed in Sect. III.A, the thermal desorption spectra of molecular methylamine indicate that
this multilayer desorbs at 130 K and that additional methylamine desorbs molecularly between approxi-
mately 200 and 350 K. In agreement with these thermal desorption results, EEL spectra measured after
annealing a saturation coverage of CH3;NH, to 200 K are characteristic of molecularly chemisorbed
methylamine. The EEL spectra of chemisorbed CH;NH,, CH3;ND, and CD;ND, [cf. Fig. 5(b)-(d)]
differ only slightly from those of the corresponding isotopes of multilayer methylamine. Features in the
EEL spectrum of the chemisorbed CH3;NH, are sharper compared to those of the multilayer [compare
Fig. 5(a) and (b)] due to the orientational order in the former. In addition, a new peak appears at 775
cm™, The overall similarity, however, between the EEL spectra of multilayer and chemisorbed methy-
lamine indicates that the chemisorbed methylamine is perturbed only slightly by bonding to the

ruthenium. In particular, no bond cleavage has occurred in the methylamine. This implies that the

chemisorbed methylamine is bonded to the ruthenium via donation of the lone pair of electrons on the
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nitrogen, analogous to the coordination of chemisorbed ammonia on this surface.

The observed modes of molecularly chemisorbed methylamine are listed and assigned in Table II.
The intense feature at 975 to 980 cm™ in the three spectra of Fig. 5 (b)-(d) is the carbon-nitrogen
stretching mode. Off-specular EEL. measurements of molecularly chemisorbed CH4ND, indicate that
this mode is strongly dipole-excited, consistent with a carbon-nitrogen bond that is tilted with respect to
the plane of the surface. As in the case of the multilayer, in the spectrum of chemisorbed CH4NH,, the
V(CN) mode gains some intensity due to the overlapping NH, wagging mode. In the EEL spectra of
CH;3ND, and CD3ND,, the ND, wagging mode shifts to 780 and 725 ¢m~1, respectively. Off-specular
EEL measurements indicate that these features are largely dipole-excited, consistent with the assignment
of these peaks to the ND, wagging mode, which is expected to exhibit a larger dynamic dipole perpen-
dicular to the surface than, for example, the ND, twisting and rocking modes in this bonding
configuration. The NH, scissoring mode of chemisorbed CH3NH, occurs at 1575 cm™ in Fig. 5(b), and
the ND, scissoring mode of CDsND, is observed at 1145 cm™ in Fig. 5(d). This mode overlaps the
p(CH;) mode at 1165 cm™ in the spectrum of CH;ND,. The peaks at 1445 and 1470 cm™ in Fig. 5(b)
and (c) are assigned to-the symmetric methyl deformation modes of CH;NH, and CH;ND,. This mode
shifts down to 1095 cm™ for CD;ND,. In none of the spectra is the asymmetric methyl deformation
mode resolved. Off-specular EEL measurements indicate that the §,(CH;) and S(ND,) modes of
CH3ND, are primarily due to impact scattering. The symmetric and asymmetric carbon-hydrogen
stretching modes are assigned to features at 2875 and 2960 cm™ for CH3NH,, and 2880 and 2950 cm™
for CH3ND,. The corresponding carbon-deuterium stretching modes shift to 2085 and 2200 cm™ for
perdeuteromethylamine. The v,(NH;) mode is not resolved from the v(NH,) mode at 3250 cm™ for
CH3NH,, nor are the v,(ND,) and v{(ND,) modes resolved in the peak at 2430 cm™ for CH;ND,.
However, the symmetric and asymmetric nitrogen-deuterium stretching modes were resolved in Fig.
5(d) at 2360 and 2445 cm™, respectively, for chemisorbed CD,ND,. The peak that occurs at 775 cm™
in the spectrum of chemisorbed CH;NH, is assigned to the NH, rocking mode, which downshifts to
near 600 of CD;ND,, but which was not resolved in the spectrum of CH3;ND,. The observation of

p(NH,) at 775 cm™ is consistent with infrared spectra of cis-[Pt(CH3NH,),Cl,] in which the NH, rock-
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ing mode occurs at 740 ¢m™ (17). This cannot be assigned to the NH, twisting mode, which should
occur at a higher frequency, e.g. 1080 cm™ in the platinum complex. Finally, a weak shoulder at 340

cm! on the elastic peak of Fig. 5(b)-(d) is due to the ruthenium-nitrogen stretching mode of the chem-

isorbed methylamine.

Annealing the chemisorbed methylamine to 300 K results in both molecular desorption, as
demonstrated by the thermal desorption results, as well as decomposition, as judged by EELS. Figure
6(ay shows an EEL spectrum that was measured after annealing a molecular multilayer of CH;NH; 10
300 K. In this spectrum, there is no longer a peak at 1175 cm™, and new intense peaks have appeared
at 600 and 1205 cm™. In the corresponding EEL spectrum of CH;ND,, new peaks appear at 555 and
1230 cm™, and the peak at 1165 cm™ has attenuated. The peak at 555 cm™ appears at 535 cm™ in the
spectrum of CD;ND, annealed to 300 K, the peak at 985 cm™ increases in intensity in this spectrum,

and the peak at 835 cm™ has disappeared.

The species stable on the surface after annealing molecularly chemisorbed methylamine to 300 K
are surface hydrogen and CH,NH,, which is formed via the cleavage of a carbon-hydrogen bond. As
shown in Fig. 6(a), the EEL spectrum of CH,;NH, exhibits the unresolved v{(CH,) and v,(CH,) modes
at 2925 cm™, and the v{(NH,) and v,(NH,) modes at 3290 and 3365 cm™, respectively. The data listed
in Table III show that the corresponding modes are also observed following CH,ND, and CD;ND,
adsorption and annealing to 300 K. In the spectrum of CH,ND,, modes at 2930 and 2420 cm™ are
assigned to the symmetric carbon-hydrogen and nitrogen-deuterium stretching modes from which the
asymmetric stretching modes are not resolved. All four modes are resolved in the spectrum of CD,ND,

with v{(CD,) and v,(CD,) at 2090 and 2190 cm™, and v(ND,) and v,(ND,) at 2400 and 2500 cm™'.

The NH, (or ND,) scissoring mode is observed at 1570 cm™ for CH,NH, and 1230 and 1190
cm™ for CH,ND, and CD,ND,. This indicates that the NH, (or ND,) group is still intact at 300 K, and
indeed the NH, and ND, wagging modes are still present. The ND, wag occurs at 735 cm™ in the
spectrum of CD,ND, and near 810 cm™ for CH,ND,. The 810 cm™ mode is, in fact, due to the over-
lapping ND, wagging and CH, rocking modes of CH,ND,, and this probably shifts the wagging mode

to a slightly higher frequency than expected (near 735 cm™ as in CD;ND,). In the EEL spectrum of
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CH,NH,, the NH, wagging mode overlaps the v(CN) mode at 1000 ¢cm™. The ND, rocking modes of
CH,NDy, and CD,ND, are not resolved in the corresponding EEL spectra from the intense and broad
new peaks at 555 and 535 cm™. However, the NH, rocking mode persists in the spectrum of CH,NH,
at 775 cm™, and this mode overlaps the CH, rocking mode. The NH, and ND, twisting modes of all

three isotopes were not resolved in any of the EEL spectra.

The persistence of the intense peaks at 1000, 995 and 985 cm™ in the EEL spectra of CH,NH,,
CH3ND, and CD;ND, annealed to 300 K indicates that the carbon-nitrogen single bond is still intact

and has a stretching frequency virtually unchanged from the molecularly chemisorbed methylamine.

The EEL spectra of CH3NH2 and CH,ND, annealed to 300 K exhibit new peaks, which appear at
1205 and 1230 cm™, that are due to CH, wagging modes. The CD, wagging mode of CD,ND; shifts
on top of the v(CN) mode at 985 cm™!, increasing the intensity of this feature. The formation of a CH,
group is also supported by the loss of the strong 8,(CH,) mode, which was observed at 1445 and 1470
cm™ for CH;NH, and CH;ND,, respectively, and the loss of the 8,(CD3) mode, which occurred at 1095
cm™ for CD,ND,. These modes are replaced by weaker CH, scissoring modes at 1420 cm™ for
CH,NH, and 1430 cm™ for CH,ND,, and a CD, scissoring mode at 1095 cm™ for CD,ND,. The other
modes associated with the CH, and CD, groups are also present. The CH, rocking mode overlaps the
NH, rocking mode at 775 cm™ in Fig. 6(a), and this mode overlaps the ND, wagging mode at 810
cm™ in the spectrum of CH,ND,. The CD, rocking mode overlaps the 535 cm™ peak in the spectrum
of CD,ND,. The assignments of the CH, (CD,) scissoring, wagging and rocking modes are supported
by comparison to those of di-o-bonded ethylene adsorbed on Ru(001) in which the carbon atoms are
also sp*-hybridized (18). For example, the CH, (CD,) scissoring mode occurs at 1450 cm™ (1210
cm™) for di-o-bonded C,H,, and at 1420 cm™ (1095 cm™) for CH;NH,. The low apparent frequency
of the CD, scissoring mode of CD,ND, is due to the fact that it appears as a shoulder on the peak at
985 cm™. The CH, (CD,) wagging mode of ethylene is present at 1145 cm™ (900 c¢cm™) and for
CH,NH, at 1205 cm™ (985 cm™). The CH, rocking modes are observed at 775 cm™ for both di-o-
bonded C,H, and CH,NH,. The CH, (CD,) twisting mode of di-o-bonded ethylene is at 900 cm™ (700

cm™), but this mode was not resolved in the spectra of CH,NH,.
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Finally, the intense peaks at 600, 535 and 555 cm™ in the spectra of CH,NH,, CD,ND, and
CH,ND,, are attributed to the frustrated translations of these species perpendicular to the surface. As
mentioned above, the 535 cm™ peak in the spectra of CD,ND, also gains some intensity due to p(CD,)
and p(ND,) modes. Off-specular EEL measurements indicate that this mode is strongly dipole-active as

would be expected for a frustrated translation.

Annealing the Ru(001) surface upon which the CH,NH, species is present to 350 K initiates
further decomposition as shown by the corresponding EEL spectrum of Fig. 6(b) in which the intense
T, mode of CH,NH, at 600 cm™ does not appear, and a new intense peak is observed at 755 cm™.
Furthermore, the relative intensities of the modes have changed such that the peak at 1580 cm™ is now
the most intense one in the spectrum other than the new peak at 755 cm™. An EEL spectrum of
CH3ND, annealed to 350 K shows the loss of the peak at 810 cm—1, the appearance of two intense
peaks at 580 and 750 cm™', and an increase in the intensity of the peak at 1255 cm™ relative to peaks
at 1005 and 1435 cm™. Finally, the EEL spectrum of CDsND, annealed to 350 K exhibits a new peak
at 1440 cm™ and a change in relative-intensities such that the peak at 1250 cm™ is more intense than

the one at 1010 cm™.

As will be discussed below, these changes and other more subtle ones show that
annealing molecular methylamine to 350 K results in the formation of a HCNH, species. The observed

frequencies and the mode assignments are listed in Table IV,

The CHNH, is coordinated to the ruthenium surface via the carbon atom, and this gives rise to a
T, mode at 445 to 450 cm™ in the EEL spectra. The existence of a carbon-nitrogen bond order
between one and two in this species is proved by the presence of a peak at 1440 cm™ in the spectrum
of CDND,. This peak occurs at too high a frequency to correspond to any carbon-deuterium or
nitrogen-deuterium deformational mode. The v(CN) modes of CHNH, and CHND, appear at 1460 and
1435 cm—-1. The frequencies of these modes are lower than that of an unperturbed carbon-nitrogen
double bond expected near 1638 cm™ as in methyleneimine (19). The increase in the frequency of
v(CN) of CHNH, compared to that of CH,NH,; is due to delocalization of the lone pair of electrons

from the nitrogen atom.

Modes associated with a NH, group are also clearly present in the EEL spectrum of CHNH, in
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Fig 6(b). The NH, scissoring mode of CHNH, occurs at 1580 cm™, and this mode shifts down to 1250
and 1255 cm™ in the spectra of CDND, and CHND,. These modes exhibit equivalent intensities in all
three spectra. The NH, (ND,) rocking and wagging modes have shifted in frequency, such that @(NH,)
appears at a lower frequency than p(NH,), due to the change in the carbon-nitrogen bond order. This
will be discussed in greater detail in Sect. IV.B. The NH, rocking mode appears at 1220 cm™ for
CHNH,, while the ND, rocking modes appear at 1010 and 1005 cm™ in spectra of CDND, and
CHND,. The intense peak at 755 cm™ in Fig. 6(b) is assigned to the overlapping NH, wagging and
CH bending modes. These two modes shift down to 575 cm™ for CDND,. In the spectrum of CHND,
these modes do not overlap, and the CH bending mode occurs at 750 ¢cm™, whereas the ND, wagging
mode occurs at 580 cm™.. The assignments of these modes are supported by the observed intensities in
the various spectra. The overlapping CH bending and NH, wagging modes and the overlapping CD
bending and ND, wagging modes both produce strong loss features, while each of the isolated CH
bending and ND, wagging modes of CHND, is, as expected, approximately half as intense. Finally, the
symmetric and asymmetric nitrogen-hydrogen stretching modes are unresolved and appear at 3230 cm™
for CHNH,. The v(ND,) and v,(ND,) modes shift to 2415 and 2495 cm™! for CDND,, and to 2370

and 2480 cm™ for CHND,.

The loss of a hydrogen atom from CH,NH, to form CHNH, is supported by the absence of the
CH, scissoring and wagging modes, and the observation of a second carbon-hydrogen bending mode at
1000 cm™ for CHNH, and 1005 cm™ for CHND,. The CD bending mode of CDND, shifts down to
725 cm™ for CDND,. The comesponding carbon-hydrogen and carbon-deuterium stretching modes

occur at 2925, 2920 and 2210 cm™ for CHNH,, CHND, and CDND,, respectively.

Annealing all three isotopes of methylamine to between 400 and 500 K results in species with
identical EEL spectra. The EEL spectrum of CHNH, annealed to 450 K is shown in Fig. 6(c), and
exhibits peaks at 355, 465, 585 and 1670 cm™!. The intensity of the 585 cm™ peak increases after
annealing to 500 K, as the intensities of the other three peaks decrease, and it is the only peak present
in EEL spectra measured after annealing to 700 K. Indeed, this peak decreases in intensity only after

annealing to above 800 K. It is therefore attributed to the ruthenium-nitrogen stretching mode of
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adsorbed nitrogen atoms and the overlapping ruthenium-carbon stretching mode of carbon adatoms.
The decrease in intensity of this peak only after annealing to above 800 K is consistent with thermal
desorption spectra, which exhibit recombinative desorption of nitrogen above 800 K [cf. Fig. 3]. This
peak still maintains some intensity following nitrogen desorption, due to the presence of carbon

adatoms, which give rise to a weaker loss peak near 600 cm™ (18).

The three other loss features in Fig. 6(c) are not due to hydrogenic vibrational modes, because
they appear at the same frequencies in the spectra of all three isotopes, and also because the thermal
desorption spectra indicate that all the hydrogen has desorbed by 450 K. Thus, these modes are
assigned to a side-on bonded C=N species. The loss feature at 1670 cm™ is the carbon-nitrogen
stretching mode of a double bond, and the modes at 355 and 465 cm™ are the frustrated translations of
the CN species. As discussed above, annealing the C=N to 700 K induces cleavage of the C=N bond to
form carbon and nitrogen adatoms. The nitrogen atoms combine and desorb at still higher tempera-

tures. The decomposition mechanism of methylamine is summarized in Fig. 7.

IV. Discussion
A. Molecular Methylamine Adsorption

The thermal desorption spectra of methylamine indicate that a portion of the chemisorbed methy-
lamine desorbs molecularly between approximately 200 and 350 K, and that multilayers of methylamine
desorb at 130 K. These spectra are similar to those of molecular ammonia adsorbed on Ru(001) (1-3).
The ammonia desorbs in a peak at 315 K at low coverages, which broadens and shifts to lower tem-
peratures with increasing coverage until a second desorption peak due also to chemisorbed ammonia
appears at 180 K. It has been suggested that the broadening and shifting of the higher temperature
ammonia desorption peak are the result of repulsive lateral interactions within the overlayer (3). The
chemisorbed ammonia molecules are coordinated to the surface via the nitrogen atom with the threefold
axis normal to the surface as shown by electron stimulated desorption ion angular distribution and work
function measurements (3). The similarities between the thermal desorption spectra of molecular
ammonia and methylamine adsorbed on Ru(001) suggest that the coordination of methylamine to the

surface occurs via the lone pair of electrons on the nitrogen atom. However, the broadening and
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shifting to lower temperature of the methylamine thermal desorption peak with increasing coverage
probably result from an electronic effect. The chemisorbed methylamine donates some electron density
from the nitrogen atom to the substrate and this affects the electron donation of subsequently adsorbed
methylamine, decreasing the binding energy. The apparent methylamine desorption peak at 240 K
probably occurs due to the concommitant dehydrogenation of methylamine to CH,NH, and hydrogen

adatoms, increasing the effective surface coverage.

The assignments of the vibrational modes of multlayers of methylamine on Ru(001) are very
similar to those of solid methylamine obtained from infrared spectra, as shown in Table I. The isotopic
shifts of the modes of muitilayers of CH3ND, and CD3ND2 also agree with these assignments. The
occurrence of the v(CN) and o(NH,;) modes of multilayer CH,NH, at 1000 cm™! rather than at 1048
and 955 cm™ as in CH3NH,(s), is due to the overlap of these features, which causes the peak to appear
at an intermediate frequency. Similarly, the symmetric and asymmetric carbon-hydrogen stretching
modes of multilayer CH3NH, are not resolved, and the peak due to these two modes appears at a fre-
quency between the vi(CH3) and v,(CH;) modes of CH;NH, in the solid and gas phases. The overall

agreement between the vibrational assignments is, however, convincing.

Apnealing to 200 K desorbs the methylamine multilayer, leaving molecularly chemisorbed methy-
lamine. The EEL spectra of molecularly adsorbed methylamine are very similar to those of the mul-
tilayer with the exception of a slightly lower carbon-nitrogen stretching frequency. The corresponding
mode assignments agree well not only with those of the multilayer, but also with those of methylamine
adsorbed on Ni(111) at 300 K (6), and with those of the methylamine ligand in cis-[Pt(CH;NH,),Cl,}
(17). A weak mode at 775 cm—1, which is not observed in the EEL spectra of the multilayer, is attri-
buted to the NH, rocking mode of the molecularly chemisorbed methylamine. The absence of this
mode in the EEL spectra of multilayer methylamine is not surprising because the NH, rocking mode
does not occur for methylamine in the gas phase because it is a free rotation. Adsorption of methylam-
ine on the ruthenium surface restricts this rotation, resulting in the NH, rocking mode at 775 cm™. The
NH, rocking mode occurs at 740 cm™ in the infrared spectrum of cis-[Pt(CH3NH,),Cl,] in agreement

with this assignment. This mode cannot be attributed to the NH, twisting mode because t(NH,) would
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occur at a higher frequency, e.g. 1080 cm™ in cis-[Pt(CH;NH,),Cl,], than the NH, rocking mode.

The many similarities between the vibrational spectra of chemisorbed, multilayer, gaseous and
solid methylamine suggest that the methylamine bonds to the ruthenium surface through the lone pair of
electrons on the nitrogen atom. This is the only possible manner in which molecular methylamine can
coordinate to the surface. Note that molecularly chemisorbed ammonia on Ru(001) (1-3) is also
adsorbed through the lone pair of electrons on the nitrogen atom, and that molecular formamide on
Ru(001)-p(1x2)O bonds through a lone pair’ of electrons on the oxygen atoms (4). The ruthenium-
nitrogen stretching mode of chemisorbed methylamine is observed at 340 cm™. The frequency of this
mode is close to the ruthenium-oxygen stretching mode at 310 cm™ of chemisorbed formamide, which

1s bonded to the Ru(001) surface via a lone pair of electrons of the oxygen atom (4).
B. Decomposition of Methylamine

The molecularly chemisorbed methylamine after a saturation exposure either desorbs molecularly
between 200 and 350 K or dehydrogenates to CH,NH, after annealing to 300 K. This indicates that a
small coverage of molecularly adsorbed methylamine contributes to the EEL spectra that were measured
after annealing to 300 K. In particular, the v(CN) mode probably gains the most intensity due to the
molecular methylamine, since this mode is the most intense in the spectra of chemisorbed methylamine
that were measured after annealing to 200 K. The EEL spectrum of Fig. 6(a) cannot be attributed
solely to CH3NH,, however, due to the presence of the 600 cm™ peak and the change in the relative
intensities of the 1205, 1420 and 1570 cm™ peaks. The peak at 600 cm™ does not shift significantly
upon deuteration (either CH;ND, or CD3ND,), indicating that it is not a hydrogenic vibrational mode.
This mode is also t0o intense to correspond to the V(Ru-C) or v(Ru-N) modes of low coverages of car-
bon or nitrogen adatoms. Hence, it must be autributed to the new species present on the surface at 300
K, namely, CH,NH, bound through the carbon atom to the surface. In particular, it is assigned to the
frustrated translation of this species perpendicular to the surface. Note that in the infrared spectra of
CH;3;MnH and CH;FeH, the v(M—CH;) modes are very intense and occur at 501 and 521 cm-—1, respec-
tively (20). Thus, the assignment of the intense peaks that occur from 535 to 600 cm™ to v(Ru-C) of

the isotopes of CH,NH, appears reasonable. The change of relative intensities of the modes near 1420
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and 1570 cm™ occurs because, while the mode at 1570 cm™ is still a NH, scissoring mode, the mode
near 1420 cm™ is no longer 8,(CH,), but rather 8(CH,) of CH2NH,, which exhibits a lower intensity.
Similarly, the peak at 1205 cm™ in Fig. 6(a) is the CH, wagging mode of CH,NH,, which is more

intense than the CHy rocking mode of CH;NH, that occurs at 1175 cm™ in Fig. 5(b).

To summarize, the species present at 300 K is assigned to CH,NH, with a carbon nitrogen single
bond in view of the existence of a carbon-nitrogen stretching mode near 1000 cm™ in the EEL spectra
of all three isotopes, the presence of the NH, and ND, scissoring and wagging modes, and the appear-

ance of the CH, and CD, scissoring and wagging modes.

Annealing the CH,NH, to 350 K causes further dehydrogenation to CHNH,. The EEL spectra of
this species show the absence of the 600 cm™ peak and greater intensity of the S(NH,) mode at 1580
cm™ relative to the 1000 and 1220 cm™ peaks. The latter occurs because the peak near 1000 cm™ is
no longer due to the overlappping v(CN) mode of a carbon-nitrogen single bond and @w(NH,) but is due
only to a carbon-hydrogen bending mode. The (NH,) mode shifts down to 755 cm—1, the frequency
expecied for a NH, group bound to a carbon atom with a bond order between one and two (21). Simi-
larly, the peak near 1220 cm™ is no longer w(CH,), but rather p(NH,), which shifts to higher frequency

due to the change in the carbon-nitrogen bond order (23).

The existence of v(CN) at 1460 ¢m™ is confirmed by EEL spectra of CDND,, which exhibits a
mode at 1440 c¢cm—1. This frequency is approximately 200 cm™ lower than that expected for a
carbon-nitrogen double bond in, for example, methylamine (19), but more than 400 cm™ higher than
that of a single bond in methylamine. This strengthening of the carbon-nitrogen bond is due to a delo-

calization of the lone pair of electrons from the nitrogen atom,

Electron energy loss spectra of methylamine annealed to 400 K are indicative of only adsorbed
C=N and carbon adatoms. The EEL and thermal desorption spectra of methylamine indicate that two
decomposition pathways are followed by CHNH,, namely, the formation of C=N, and the formation and
desorption of ammonia in a reaction-limited peak at 380 K, the latter of which also produces carbon
adatoms. Ammonia exhibits vibrational losses at 480, 600, 1160, 1590, 3240 and 3380 cm™ on the

clean surface and desorbs molecularly at 315 K (1-3,24). Ammonia was not observed via EELS under
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any conditions of temperature or coverage following methylamine adsorption. There was also no evi-
dence for NH formation. Following the decomposition of formamide on Ru(001), NH exhibits peaks at
690, 1350 and 3315 cm™, which are assigned to the v(Ru-NH), NH) and V(NH) modes, respectively.
The NH decomposes between 350 and 400 K (4). Steady-state ammonia decomposition experiments on
Ru(001) indicate that NH; decomposition to NH and NH, hydrogenation to NH; are competing reac-
tions near 400 K (1). However, following methylamine decomposition on Ru(001), the fractional cov-
erage of hydrogen on the surface at 350 K must be less than 0.40, which is probably insufficient to
hydrogenate NH to ammonia. The low hydrogen coverage and the absence of any NH adsorbed on the
surface in the EEL spectra suggest that ammonia formation does not occur via an NH intermediate but
can occur via an NH; intermediate. Any reaction that forms a methylidyne species (CH) can also be
eliminated because methylidyne is stable on Ru(001) below 500 K and exhibits an intense 8(CH) mode
at 810 cm™, which was not observed in any of the EEL spectra of methylamine. Furthermore, methyli-
dyne dehydrogenation evolves hydrogen between 500 and 750 K, which was not observed in the hydro-
gen thermal desorption spectra of methylamine. Intramolecular hydrogen transfer on HNH, to form a
carbon adatom and ammonia is considered unlikely due to the observation that adsorption of hydrogen
onio the metal surface is usually favored over intramolecular hydrogen transfer reactions. Thus, the fol-
lowing ammonia formation reactions cannot be ruled out following methylamine formation:
HCNH,(a) — H(a) + CNHy(a)
HCNH,(a) — H(a) + HCNH(a)
CNH,(a) — C(a) + NH,(a)

NH,(a) + H(a) — NH;(g) .

Dehydrogenation of a HCNH or CNH, intermediate could also lead to the formation of the CN.

The spectroscopically observed conversion of methylamine to CH,NH,, which dehydrogenates to
CHNH,, which leads to ammonia formation, suggests that both CH,NH, and CHNH, are likely inter-
mediates in the formation of ammonia and methane from methylamine on both thin films and supported

ruthenium catalysts.
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Following the adsorption of a saturation coverage of methylamine and annealing to 400 K, a frac-
tional coverage of less than 0.02 of CHNH, forms ammonia and carbon atoms. Simultaneously, a cov-
erage of 0.08 of CHNH, also dehydrogenates to C=N and hydrogen. The desorption of hydrogen near
380 K, following a saturation methylamine exposure, accounts for all of the hydrogen in the chem-
isorbed methylamine except that which forms ammonia. Thus all that remains on the surface after
annealing to 400 K are carbon adatoms and CN. The formation of a small fractional coverage (approx-
imately 0.02) of carbon adatoms from the ammonia formation reaction is consistent with EEL spectra of
methylamine measured after annealing to above 380 K. In these spectra, the v(Ru-C) mode of carbon
adatoms occurs near 585 cm™. Decomposition of CN between 500 and 700 K creates both carbon and
nirogen adatoms with overlapping V(Ru-C) and v(Ru-N) modes at this frequency. The nitrogen
adatoms recombine and desorb below 1000 K, leaving only carbon adatoms on the surface and reducing

the intensity of the peak at 585 cm™.

The CN species with frustrated translations at 355 and 465 cm™ and a carbon-nitrogen stretching
mode at 1670 cm™ must have a carbon-nitrogen double bond due to the frequency of the latter mode.
The double bond indicates that this species is side-on bonded to the surface with the carbon and nitro-
gen atoms both o-bonded to the ruthenium and a lone pair of electrons present on the nitrogen atom.
Indeed, the frequency of V(CN) of C=N agrees quite well with that of n*(C,N)~(CH;)C=N at 1615 cm™’
on the Pt(111) surface (25). The intermediates to C=N formation from HCNH, are unknown. Possible
intermediates include HCNH, CNH,;, CNH and HCN. In particular, a HCN intermediate to C=N cannot
be ruled out because hydrogen thermal desorption experiments indicate that HCN dehydrogenates at
temperatures as low as 390 K on Ru(001) and therefore would dehydrogenate immediately if formed

from HCNH, (26).

As mentioned above, the carbon-nitrogen bond of C=N cleaves upon annealing to between 500
and 700 XK. The nitrogen adatoms due to the decomposition of CN recombine and desorb between 800
and 1000 K, leaving only carbon adatoms on the surface. The decomposition mechanism of methy-

lamine is summarized in Fig. 7.

V. Conclusions
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Molecularly chemisorbed methylamine is coordinated to the Ru(001) surface via the lone pair of

electrons on the nitrogen atom. This is analogous to the bonding of ammonia on ruthenium.

The chemisorbed methylamine decomposes via sequential loss of hydrogen. A CH,NH, species,
bonded through the carbon atom to the surface occurs, after annealing a saturation coverage of methy-
lamine to 300 K. Further annealing to 350 K results in the formation of CHNH,, also bonded to the
ruthenium through the carbon atom. The lone pair of electrons on the nitrogen is delocalized and con-
tributes to the carbon-nitrogen bonding. This delocalization causes the frequency of the carbon-nitrogen

stretching mode to occur between those expected for carbon-nitrogen single and double bonds.

The CHNH, decomposes via two competing pathways. Annealing a saturated methylamine
monolayer to 400 K produces fractional coverages of approximately 0.02 of carbon adatoms and
ammonia, the latter of which desorbs immediately. The mechanism of the formation of ammonia from
methylamine on Ru(001) suggests that both CH,NH, and CHNH, are possible intermediates in the for-
mation of ammonia from methylamine over thin films and supported ruthenium catalysts. The remain-
ing CHNH, (a fractional coverage of 0.08) dehydrogenates completely to CN with simultaneous evolu-
tion of hydrogen. The CN species contains a carbon-nitrogen double bond, indicating that it is side-on
bonded with the lone pair of electrons localized on the nitrogen atom. Annealing the CN to between
500 and 700 K induces carbon-nitrogen bond cleavage, leaving carbon and nitrogen adatoms on the sur-

face. Finally, the nitrogen adatoms recombine and desorb between 800 and 1000 K.
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Table I1

Vibrational Modes of Molecularly Adsorbed Methylamine on Ru(001) at 200 K. All
Frequencies are reported in ecm™?.

Mode CH3NH; CH3ND;  CDsNDg
v(Ru-N) 340 340 340
p(NH3) or p(ND3) 715 n.r. 600
¥(CN) 980 975 975
w(NH3) or w(ND3) 980 780 725
r(NHz) or r(ND3y) n.f. n.r. n.r.
p(CHs) or p(CDs) 1175 1185 835
5,(CHs) or 6,(CDs) 1445 1470 1095
54(CHs) or 6,(CDs) n.r. n.r. n.r.
§(NHz) or §(ND,) 1575 1165 1145
v,(CHs) or v,(CDs) 2875 2880 2085
va{CHs) or v,(CDs) 2960 2950 2200
v, (NH;) or v,(ND;) $250 2430 2360
va(NH;) or v,(ND,) 3250 2430 2445

n.r.= not resolved
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Table II1

Vibrational Modes Observed for CH;NH;, CHzND; and CD3ND; on the Ru(001) Surface
at 300 K due to Methylamine Decomposition. All Frequencies are reported in cm™%.

Mode CHz:NH; CH;ND;  CD;ND,

Ts 600 555 535

#(CHj3) or p(CDj3) 775 810 535
#(NH;) or p(ND;) 775 555 535
v{CN) 1000 995 985
r(CH3) or r(CD;) n.r. n.r. n.r.
r(NH;) or r(ND3) n.r. n.r. n.r.
«(NHj3) or w(NDj3) 1000 810 785
w(CH;) or w(CDy) 1205 1230 985
§(CH;) or 6(CD3) 1420 1430 1095
§(NH;) or §(ND,) 1570 1230 1190
v,(CH3) or v,(CD3) 2925 2930 2090
va(CHz) or 1v4(CD;) 2925 2930 2190
v,(NH;) or v,(ND5) $290 2420 2400
va(NH3) or v4(ND3) $365 2420 2500

n.r.= not resolved
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Table IV

Vibrational Modes Observed for CHNH;, CHND; and CDND; Present on the Ru(001)

Surface at 350 K due to Methylamine Decomposition. All Frequencies are reported in
-3
em™t,

Mode CHNH; CHND; CDND;

T, 450 450 445

§(CH) or §(CD) 1000 1005 125
§(CH) or §(CD) 755 750 575
w(NH;) or w(ND3) 755 580 575
#(NH;) or p(ND3) 1220 1005 1010
v(CN) 1460 1435 1440
r(NH;) or r(ND;) n.r. n.r. n.r.
§{NH;) or §(NDj) 1580 1255 1250
v(CH) or »(CD) 2025 2920 2210
v,(NH;) or v,(ND3) £330 2370 2415
va(NH3) or v,(ND;) $230 2480 2495

n.r.= not resolved
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Figure Captions

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Figure 7.

The methylamine (mass 31) thermal desorption spectra following exposures of (a) 1 L, (b) 3

L, (¢) 5L and (d) 10 L of methylamine on the Ru(001) surface at 80 K.

The hydrogen (mass 2) thermal desorption spectra following exposures of (a) 0.2 L, (b) 0.4

L, (¢) 1 L and (d) 5 L of methylamine on the Ru(001) surface at 80 K.

The nitrogen (mass 14) thermal desorption spectra following exposures of (a) 0.6 L, (b) 0.8

L, {(¢) 1 L and (d) 5 L of methylamine on the Ru(001) surface at 80 K.

The ammonia (mass 17) thermal desorption spectra following exposures of (a) 0.4 L, (b) 1 L

and (c) § L of methylamine on the Ru(001) surface at 80 K.

The EEL spectrum that results following the exposure of the Ru(001) surface to 5 L of
CH,NH, at 80 K. This spectrum is characteristic of molecular multilayers of CH:NH,. The
EEL spectra that result from § L exposures of (b) CH3NH,, (¢) CHi;ND, and (d) CD;ND,,

and annealing to 200 K. Spectra (b)-(d) are characteristic of molecularly chemisorbed

methylamine.

The EEL spectra that result from exposing the Ru(001) surface to 5 L of CH,NH, at 80 K

and annealing to (a) 300 K, (b) 350 X and (c) 450 K.

The thermal decomposition mechanism of methylamine on Ru(001). Reactions (5) and (6)

are not necessarily elementary reaction steps.
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CHAPTER VII

Conclusions
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The combined results of Chapters II-V, Appendices 1 and 2, and a few additional electron energy
loss spectroscopic experiments have led to the decomposition mechanisms for ethylene and acetylene
adsorbed on Ru(001) and ethylene adsorbed on the Ru(001)-p(2x2)O surface that are depicted in Figs.
1(a) and (b), respectively. As shown in Fig. 1(a), the carbon atoms of both ethylene and acetylene
rehybridize to nearly sp® following adsorption on Ru(001). These two molecularly chemisorbed species
react between 150 and 280 K to form an sp® hybridized HCCH, species. The HCCH, is stable and
observed via EELS following the coadsorption of hydrogen with acetylene at 150 K. Since ethylene,
acetylene, and acetylene coadsorbed with hydrogen all generate the same decomposition products (ace-
tylide and ethylidyne), the existence of the HCCH, intermediate may be inferred in the decomposition
of ethylene and acetylene as well. In the absence of coadsorbed hydrogen, acetylene also forms some
acetylide in addition to HCCH,. The HCCH, dehydrogenates to a postulated, unstable, sp*-hybridized
CCH; species, which may either add a hydrogen atom to form ethylidyne or lose a hydrogen atom to
form acetylide. The ethylidyne decomposes to elemental carbon with concurrent evolution of hydrogen
between 330 and 350 K, while the acetylide undergoes carbon-carbon bond cleavage to carbon and

methylidyne near 360 K. Finally, the methylidyne dehydrogenates above 500 K.

The postulation of the existence of an unstable CCH, intermediate in this decomposition reaction
is based on coadsorption experiments of deuterium with C,H,, and, equivalently, hydrogen with C,D,.
Electron energy loss (EEL) spectra of deuterium (hydrogen) and C,H, (C,D,) coadsorbed at 80 K and
annealed to 250 K show that the predominant isotope of ethylidyne formed is CCD,H (CCH,D) with a
symmetric methyl deformaton mode near 1210 cm™ (1260 cm™). This indicates that during the
hydrogenation reaction two deuterium atoms have bonded to a carbon atom of acetylene and the
hydrogen-carbon bond of the second carbon atom has been broken. Note that ethylidyne does not
undergo isotopic exchange with coadsorbed deuterium under these conditions. Thus, the reaction of

acetylene must occur along the following pathway:

D
H M H\évo
H H ~ H d-p ]
\. . aD -d-P =H > ¢’ +D___
lc\-,c\ A 9 l?\ ‘ '?\
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Intramolecular hydrogen transfer within acetylene or HCCHD may be ruled out on the basis of the

above experiments because it would produce mainly CCH,D.

3
,C‘H__R
/——> He | H\?,H
H H ¢
F\"R Ho M L
Moreover, the following mechanism:
D
H,D
H nD ¢
H H H c |
\ ./ +D v_ 1D +p D _-H
C~C —> C=C —2> O — > C
AN A A VY NN

is eliminated for three reasons. First, considerable bond strain would be required in the HCCHD, inter-
mediate to prevent the hydrogen and deuterium atoms on the CHD, group from nearing the surface and
undergoing C-H or C-D bond cleavage with adsorption of the resulting free hydrogen or deuterium
atom to the surface. Second, additon of deuterium to HCCHD would most likely form HDCCHD, not
HCCHD,, since C,H,D, is evolved following C,H, and deuterium coadsorption, and is, in fact, the sole
isotope of ethylene observed. Third, the existence of a CCH, decomposition intermediate is supported
by the observed isotopic exchange of coadsorbed deuterium into acetylide. Thus, acetylene dehydro-
genaies via a CCH, intermediate, and it may be inferred that ethylene reacts through an identical CCH,

species, as was the case for the HCCH, intermediate.

It has been shown that ethylene, acetylene and their decomposition products tend to be sp°-
hybridized on Ru(001) with nz-bonding occurring. In contrast, on the Ru(001)-p(2x2)O surface, sp*-
hybridization and n'-bonding are favored. This is shown in the decomposition mechanism depicted in

Fig. 1(b). Ethylene is n-bonded to ruthenium in the presence of sufficient oxygen. Between 200 and
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250 K, the ethylene dehydrogenates to ethylidyne, which decomposes at a higher temperature to
vinylidene with concurrent hydrogen desorption. In the presence of hydrogen, this reaction is reversi-
ble, and ethylidyne may be reformed. This suggests that ethylene dehydrogenates to an unstable (in the
presence of hydrogen) vinylidene species, which rehydrogenates rapidly to ethylidyne. Upon heating to
desorb surface hydrogen, ethylidyne dehydrogenates back to vinylidene. The vinylidene is bridge-
bonded and the carbon-carbon axis is tilted with respect to the surface normal such that n-electron den-
sity may be donated to the surface.  Upon annealing to between 350 and 400 X, the vinylidene under-
goes both carbon-carbon and carbon-hydrogen bond cleavage, forming methylidyne. This reaction may
proceed via an acetylide intermediate because methylidyne is formed from acetylide on the clean sur-
face, and this acetylide is unstable at these temperatures. Finally, the methylidyne dehydrogenates

above 500 K.

In addition to the study of the reaction of unsaturated hydrocarbons on the Ru(001) and Ru(001)-
p(2x2)O surface, coadsorption of ethylene and acetylene with hydrogen, deuterium and carbon monox-
ide have illuminated further the reaction mechanisms. For example, the coadsorption of CO with
ethylene does not alter the bonding of molecularly chemisorbed ethylene or the identities of the reaction
intermediates, but it does reduce the binding energy of hydrogen, causing it to desorb at a lower tem-
perature. As described in Chapter III, the lower temperature hydrogen desorption confirmed the
stoichiometry of the ethylene decomposition intermediates, CCH; and CCH. The coadsorption of
hydrogen with ethylene indicated that ethane could be formed at surface temperatures as low as 200 K.
Similarly, acetylene was hydrogenated to ethylene at 175 K. Coadsorption of deuterium and methyli-
dyne followed by heating to 300 K showed that significant isotopic exchange occurred, presumably via
an unstable methylene (CHD) intermediate. This suggests that methylidyne may‘be hydrogenated to
methylene at higher hydrogen pressures. Methylidyne may therefore be an intermediate in Fischer-
Tropsch synthesis in which carbon monoxide and hydrogen synthesize hydrocarbons. The extent of the
inhibition of ethylene adsorption by preadsorbed hydrogen and carbon monoxide was also measured,
and the inhibition appeared to result from a simple blogking of the ethylene adsorption sites. This

situation contrasts with the electronic perturbation of the ruthenium surface by preadsorbed oxygen
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adatoms, which both reduces the coverage of postadsorbed ethylene and alters the bonding of the chem-
isorbed ethylene, as discussed in Ch. V. Finally, it was shown that preadsorbed hydrogen increased the

ratio of ethylidyne to acetylide formed, while preadsorbed CO reduced this ratio.

The interactions of ethylene and acetylene with ruthenium illustrate the similarity of the chemistry
of unsaturated hydrocarbons on the Group VII transition metals. In particular, the interactions are
remarkably similar to those of ethylene and acetylene adsorbed on the hexagonal (111) faces of the fcc
metals such as rhodium, palladium and platinum (1-6). Ethylene adsorbed on Ru(001), Rh(111) and
Pt(111) at low temperatures is di-c-bonded (1,5). The carbon atoms of acetylene are rehybridized to
between sp? and sp3 following adsorption on Ru(001), Pd(111) and Pt(111) (3,4,6). Ethylene adsorbed
on all four surfaces forms ethylidyne upon heating to room temperature {and also acetylide on Ru(001)]
(1,2,5). On Ru(001) and Pd(111) acetylene forms both ethylidyne and acetylide upon heating (3,4).
Ethylidyne formation appears to be peculiar to the geometry of these hexagonal surfaces and must
require a threefold site. The coadsorption of ethylene with oxygen on Ru(001) and Pt(111) are also
remarkably similar. On both surfaces, ethylene is m-bonded and forms an sp’-hybridized vinylidene
species at higher temperatures (5). Indeed, the formation of m-bonded ethylene appears to be charac-
teristic of all of the oxygen precovered Group VIII transition metal surfaces studied to date, such as
Ru(001), Pd(100), Pt(111) and Fe(111) (7,5,8).

T};e different bonding configurations of ethylene on the clean and oxygen-precovered surface may
be discussed in terms of the Dewar-Chatt-Duncanson model of the bonding of olefins to metal atoms
(9). In this model, bonding occurs when ethylene donates electron density from the m-orbital to the
metal, and electron density is donated from the d-orbital of the metal (or for a surface the d-band) into
the previously unoccupied n’-orbital. The extent of backdonation dictates the type of bonding; little or
no backdonation leads to sp* hybﬁdization and n-bonding, whereas significant backdonation of electron
density, roughly equivalent to two electrons per ethylene, induces sp’-hybridization and di-o-bonding.
An organometallic complex analogous to the first ethylene adsorbate is Zeise’s salt (K*[Pt(C,H,)Cl5]D)
(10), in which an ethylene ligand is m-bonded to a platinum atom, and the electronegative chlorine

ligands play the role of the oxygen atoms on the surface, which will be discussed later. The di-o-
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bonded ethylene is not so easily modeled, because bonding undoubtedly occurs to more than one metal
atom (11). However, this sp’-hybridized ethylene may be crudely thought of as a metallocyclopropane
or metallocyclobutane (12). The extent of backdonation of electron density to the nt'-orbital is strongly
affected by the presence of electronegative oxygen atoms. As discussed in Chapter V, the nsu*-orbital
of ethylene lies at an energy close to the Fermi level of the clean Ru(001) surface, permitting backdo-
nation from the d-band to this orbital. Addition of oxygen to the surface lowers the Fermi level (with
respect to the vacuum level), increasing the separation between the nt’-orbital and the Fermi level, inhi-
biting backdonation. Thus on the clean surface ethylene is di-c-bonded, while on the oxygen

precovered surface ethylene is m-bonded.

The addition of oxygen also reduces the binding energies of other coadsorbates, such as hydrogen
and carbon, and this affects the decomposition mechanism of ethylene. For example, ethylidyne
decomposes rapidly to elemental carbon with simultaneous evolution of hydrogen on the clean surface
but dehydrogenates to vinylidene on the Ru(bOl)-p(ZxZ)O surface, possibly due to the effect of the
reduced binding energy of hydrogen, which alters the energetics of this process. Thus, a poison may
have a dramatic effect upon catalytic chemistry as demonstrated by the change in the decomposition

mechanism of ethylene in the presence of oxygen.

The chemisiry of ethylene adsorbed on the Ru(001)-p(2x2)O surface may also be compared to the
reaction of ethylene with organometallic clusters in an effort to relate homogenous catalysis with
heterogeneous catalysis by metallic surfaces. For example, ethylene reacts with Os;y(CO),, to form a
vinyl complex HOsy(HC=CH,)(CO),,, which forms a vinylidene complex H,0s4(C=CH,)}CO), upon
heating (13). Infrared data of this vinylidene complex are very similar to EEL spectra of vinylidene on
Ru(001)-p(2x2)0, and therefore the structure and bonding of these species must also be very similar.
Thus, the structural data of the vinylidene ligand provide information on the bonding of the vinylidene
adsorbate, indicating that this species is bridge-bonded to ruthenium with the carbon-carbon bond axis
tilted with respect to the surface normal. Both the vinylidene ligand and adsorbate may be hydrogenated
to ethylidyne, and the structure of the ethylidyne complex may also be used to model the ethylidyne

observed on both the Ru(001)-p(2x2)O and Ru(001) surfaces. On this basis, the ethylidyne is adsorbed
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in a threefold site with its carbon-carbon bond axis nearly perpendicular to the surface. The existence
of the intermediate vinyl complex in the formatidn of vinylidene suggests that ethylene n-bonded on
ruthenium in the presence of oxygen may dehydrogenate through a similar vinyl species that is
unstable. The vinyl adsorbate dehydrogenates to vinylidene, which is rapidly hydrogenated to ethyli-
dyne due to the presence of surface hydrogen. As discussed earlier, upon annealing, the hydrogen

desorbs and the ethylidyne dehydrogenates back to vinylidene.

The above comparison also elucidates one of the differences between the bonding of hydrocar-
bons on metal clusters and surfaces. The Fermi level of a Group VIII transition metal surface lies
approximately -5 to -6 eV below the vacuum level. As discussed above, the Fermi level of Ru(001) at
-3.5 eV is sufficiently near the energy of the empty m-orbitals of ethylene and acetylene to permit back-
donation from the metal d-band into this orbital and the formation of sp>-hybridized adsorbates. The
formation of sp*-hybridized hydrocarbon species on Ru(001) requires the presence of an electronegative
coadsorbate, such as oxygen, which lowers the Fermi level of the surface, inhibiting back-donation.
Small metal clusters are much more electron-deficient than these metal surfaces. Clusters containing
three or four metal atorns have ionization potentials that are much lower (at -7 to -9 eV) with respect to
the vacuum than the analogous Fermi levels of the corresponding surfaces (14). These metal clusters
lack the electron density to backdonate into the m'-orbitals of hydrocarbon ligands, and so sp*-
hybridization and n-bonding of ligands are favored in these clusters. Thus, the different electronic pro-

perties of metal clusters and metal surfaces dictate the bonding of hydrocarbon ligands and adsorbates.

The chemisorption and reaction of methylamine on the Ru(001) surface have also been explored.
Electron energy loss spectroscopic experiments have shown that the molecular methylamine is coordi-
nated to the ruthenium via the lone pair of electrons on the nitrogen atom. Upon annealing to 300 K,
t,he’ methylamine decomposes to CH,NH,, which is bonded to the ruthenium through the carbon atom.
This species dehydrogenates to CHNH, after annealing to 350 K that is also coordinated to the surface
via the carbon atom. The frequency of the carbon-nitrogen stretching mode of CHNH, occurs between
those expected for unperturbed carbon-nitrogen single and double bonds. This probably results from the

delocalization of the lone pair of electrons previously on the nitrogen over the nitrogen-carbon and
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carbon-ruthenium bonds of the CHNH,.

The HCNH, adspecies decomposes via two competing pathways upon annealing to 400 K. The
minority pathway is the formation of carbon adatoms and ammonia, the latter of which deserbs immedi-
ately. The remaining HCNH, dehydrogenates completely to side-on bonded C=N, with simultaneous
evolution of hydrogen. Annealing the CN adspecies to between 500 and 700 K induces carbon-nitrogen
bond cleavage, leaving carbon and nitrogen adatoms on the surface. Thus, the presence of the lone pair
of electrons on the nitrogen atom of methylamine affects both the coordination of molecularly chem-
isorbed methylamine and the nature of the decomposition intermediates on Ru(001). Molecularly chem-
isorbed methylamine is coordinated to the surface through the lone pair of electrons and decomposes to

stable CH,NH,, CHNH, and C=N intermediates.

We have seen that EELS and thermal desorption experiments may delineate the decomposition
mechanisms of fairly complex xﬁolecules. This information should prove useful for higher pressure stu-
dies of heterogeneous catalysis in which identification of reaction intermediates is not possible. It has
also been shown that coadsorbates such as oxygen may radically alter the chemistry of these reactions
via electronic perturbations of the surface. The chemistry of hydrocarbons adsorbed on the Ru(001)
surface was shown to be similar to that of triatomic metal clusters. Finally, the existence of a lone pair
of electrons on a molecule, such as methylamine, can have a profound effect upon the bonding of the

molecularly chemisorbed species and the decomposition intermediates.
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Figure Captions
Figure 1. The decomposition mechanisms of ethylene and acetylene on the Ru(001) surface.

Figure 2. The decomposition mechanism of ethylene on the Ru(001)-p(2x2)O surface,
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CHAPTER VIII

Appendices

The Interaction of Acetylene with the Ru(001) Surface.
The Coadsorption of Hydrogen and Acetylene on the Ru(001) Surface.

The Adsorption of Formic Acid and the Decomposition of the Formate Intermediate on the (001)

Surface of Ruthenium.
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Appendix 1

The Interaction of Acetylene with the Ru(001) Surface

L. Introduction
1I. Experimental Procedures
III.  Results and Discussion

A. Thermal Desorption Mass Spectrometry
B. Electron Energy Loss Spectroscopy

1. The Multilayer State
2. Molecularly Chemisorbed Acetylene
3. Thermal Decomposition of Chemisorbed Acetylene

1IV.  Conclusions

[This chapter was published as a paper by J. E. Parmeter, M. M. Hills and W. H. Weinberg in The

Journal of the American Chemical Society 108, 3563 (1986).]
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Abstract

The adsorption and decomposition of acetylene on the hexagonally close-packed Ru(001) surface
has been studied using high resolution electron energy loss spectroscopy and thermal desorption mass
specoometry. Below 230 K, acetylene is molecularly adsorbed on this surface with rehybridization of
the acetylenic carbon atoms to nearly sp® occurring. Between 230 and 250 K, the acetylene undergoes
both dehydrogenation and hydrogenation reactions, resulting in the formation of two stable surface
intermediates, ethylidyne (CCH;) and acetylide (CCH). Both the ethylidyne and the acetylide decom-
pose near 350 K, accompanied by hydrogen desorption, leaving only methylidyne (CH) and carbon
adatoms on the surface. The methylidyne decomposes with hydrogen evolution into the gas phase

between approximately 480 and 700 K.
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1. Introduction

The interaction of unsaturated hydrocarbon molecules with a variety of low Miller index single
crystalline transition metal surfaces has been the focus of much research in surface science recently (1).
These studies are of obvious importance both in quantifying the relationships between the bonding of
hydrocarbon ligands to multinuclear homogeneous complexes and their bonding to surfaces, and in view
of the role that such hydrocarbons play in industrial, heterogeneous catalytic processes. The application
of modem, sophisticated experimental techniques to the study of hydrocarbon adsorption and decompo-
sition on metals has led to the identification of a number of surface species that may act as intermedi-
ates in these catalytic surface reactions and that have been observed in organometallic cluster com-
pounds. Perhaps the most useful technique in understanding the structure and bonding of adsorbates on
metal surfaces has been vibrationally inelastic electron scattering, which is usually termed high resolu-
tion electron energy loss spectroscopy (EELS), especially when employed in combination with thermal
desorption mass spectrometry (TDMS). Recently, the results of two different EELS and TDMS studies
of ethylene adsorption on the hexagonally close-packed Ru(001) surface have been reported (2,3). As a
natural extension of this work, we report here a similar investigation of the adsorption and decomposi-

tion of acetylene on Ru(001).

Acetylene adsorption has been studied previously with EELS on a wide variety of metal surfaces,
including Cu(111) (4), Cu(100) (5), Cu(110) (5), Ag(110) (6), Ni(111) (7), Ni(110) (4), Pd(111) (8,9),
Pd(100) (9,10), Pd(110) (4), Pt(111) (11), Rh(111) (12), Fe(110) (13), Fe(111) (14), W(110) (13),
W(111) (16) and W(100) (17). With the exception of the Ag(110) surface, on which the adsorption is
weak and reversible below 160 K, acetylene is adsorbed molecularly, but with the molecule strongly
distorted from its gas phase structure, in all the cases where adsorption below 200 K has been reported.
Typically, the molecularly adsorbed acetylene is stable at temperatures below approximately 250-350 K.
The single most important spectroscopic indication of the degree of rehybridization of molecular ace-
tylene upon adsorption is the carbon-carbon stretching frequency, which is 1974 cm™ in gas phase acet-
ylene (18). However, a large number of metal surfaces, including Cu(111), Cu(100), Cu(110), Pd(111),

Pd(110), Ni(110) and Pt(111), on which acetylene is adsorbed molecularly, exhibit carbon-carbon
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stretching frequencies in the 1300-1400 cm™ range, indicative of a rehybridization of the carbon atoms
to between sp? and sp’, and an approximate carbon-carbon bond order of 1.5. On other surfaces, even
more extensive rehybridization of the acetylene molecule occurs, resulting in still lower carbon-carbon
stretching frequencies. These surfaces include Fe(110) (voe = 1240 cm™), Ni(111) (vee = 1220 cm™),
Pd(100) (vcc = 1210 cm™) and Fe(111) (vee = 1145 cm™). Further insight into the degree of distor-
tion which the molecule experiences upon adsorption is given by the reduction of the carbon-hydrogen
stretching frequencies in going from the gas phase to the chemisorbed phase. Finally, the relative inten-
sities of the carbon-hydrogen bending and carbon-carbon stretching modes may serve to delimit the
geometry and the binding site of the adsorbed species (4). It is both to investigate these issues and to
quantify the connection with ethylene adsorption that we have undertaken this study of acetylene

adsorption on Ru(001).

The mechanism by which molecularly adsorbed acetylene decomposes on metal surfaces is also
of great interest. The initial dissociation step may be either carbon-carbon bond cleavage to produce
methylidyne (CH), or carbon-hydrogen bond cleavage and formation, which may result in a number of
different adsorbed hydrocarbon intermediates. Initial cleavage of the carbon-carbon bond has been
reported on Ni(111) at 400 K (7) and on Fe(110) at approximately 320 K (13), to form surface methyli-
dyne. Initial cleavage of carbon-hydrogen bonds occurs on the Pt(111), Pd(100) and Pd(111) surfaces.
On P(111), formation of a CCH, species via hydrogen transfer has been proposed as the initial step in
acetylene decomposition (11).  On Pd(100), a hydrogen atom is abstracted from the molecularly
adsorbed species by the surface between 300 and 450 K, resulting in the formation of an acetylide
(CCH) (9). The Pd(111) surface exhibits interesting and complex behavior, with the formation of both
acetylide and ethylidyne (CCH;) above 300 K (9). These species dehydrogenate thermally at higher
temperatures, possibly via methylidyne intermediates. In view of the recent identification of both ethyl-
idyne and methylidyne as decomposition products of ethylene on Ru(001) (2,3), a similar study of the

decomposition of acetylene on this surface is of obvious importance.

In this paper, we first discuss thermal desorption measurements after acetylene adsorption on

Ru(001), and then EEL spectra of both multilayer and chemisorbed molecular acetylene on this surface.
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The EEL spectra provide evidence for a highly distorted, nearly sp® hybridized, molecularly adsorbed
acetylene in the chemisorbed overlayer at temperatures below approximately 230 K. We then turn to a
discussion of the thermal decomposition of acetylene, which leads to the formation of both acetylide
and ethylidyne between approximately 230 and 350 K. These species decompose below 400 K, to yield

methylidyne and surface carbon.

1I. Experimental Procedures

The EEL spectrometer used in these studies, as well as the ultrahigh vacuum (UHV) chamber in
which it is contained, has been described in detail elsewhere (19). Briefly, the stainless steel UHV
chamber is pumped by a 220 //s Varian ion pump and a titanium sublimation pump, and base pressures
below 5 x 107! Tormr are obtained routinely. The home-built EEL spectrometer is of the Kuyatt-
Simpson type, with 180° hemispherical deflectors serving as the energy dispersing elements in both the
monochromator and the analyzer. The monochromator is spatially fixed, but the analyzer is rotatable to
allow off-specular spectra to be measured. All spectra presented and referred to in this paper were col-
lected in the specular direction unless otherwise noted. The impact energy of the incident electron
beam was approximately 4 eV in all cases, and the beam was incident on the Ru(001) crystal at an
anglé of 60° with respect to the surface normal, The instrumental energy resolution in these studies,
defined as the full-width at half-maximum of the elastically scattered beam, varied from 60 to 80 cm™,

while count rates in the elastic peak varied from 1.5 x 10° to 3 x 10° counts per second.

The Ru(001) crystal was cooled using liquid nitrogen, and temperatures as low as 80 K were
obtained routinely. Crystal cleaning was achieved using the well-established techniques of argon ion
sputtering and heating the crystal in a background of oxygen (20). The cleanliness of the surface was
verified with EELS. Some of the EEL spectra presented in Sect. III show a small amount of CO con-
tamination (below 1-2% of a monolayer), due to adsorption from the background. Not surprisingly, it
was found that these varying and low concentrations of coadsorbed CO did not affect the EEL spectra

of acetylene and its decomposition products.

Thermal desorption mass spectrometry was performed in a separate UHV chamber also containing

a Ru(001) crystal, and equipped with a quadrupole mass spectrometer (UTI 100C) with a skimmer to
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discriminate between desorption from the crystal surface and desorption from the crystal edges and sup-
port leads, as well as an Auger electron spectrometer for verifying surface cleanliness. Heating rates
between 5 and 20 K/s were used in the TDMS experiments. Crystal cooling and cleaning were accom-

plished as in the EELS chamber.

The C;H, used in these studies was obtained from an industrial acetylene tank (95% purity) and
was purified as it was introduced into a glass flask by passage through a dry ice/methanol slurry. The
main purpose of this procedure was to remove acetone, which is always added to prevent explosions
when acetylene is stored under high pressures. The C,D, (99 atom % deuterated) was obtained from
MSD Isotopes. The stainless steel leak lines through which the acetylene was introduced into the UHV
chamber were flushed several times with C,H, or C,D,, in order to passivate them towards acetylene
decomposition, before any acetylene was introduced into the UHV chamber. Mass spectra of the C,D,
and C;H, which were admitted into the UHV chamber showed no traces of any impurities. Multilayer

EEL spectra also showed no detectable impurities.

II1. Results and Discussion
A. Thermal Desorption Mass Spectrometry

Thermal desorption measurements after acetylene adsorption on Ru(001) at 80 K were performed
for acetylene exposures in the range of 0.2 to 10 L (1 L = 1 Langmuir = 10™® Torr-s). The only
desorption products detected in the temperature range between 80 and 800 K were molecular acetylene

and hydrogen. Benzene, ethylene, ethane and methane were specifically looked for and were not

detected under any circumstances.

Molecular acetylene desorbs only in a sharp peak at 95 K. Since this peak appears only for acet-
ylene exposures greater than 5 L and does not saturate for increasing exposures above 5 L, it may be
assigned unambiguously as the desorption of a multilayer state. No molecular acetylene desorbs from

the chemisorbed monolayer state of acetylene on the Ru(001) surface.

The hydrogen thermal desorption spectra that result after 0.2, 0.8 and 10 L acetylene exposures

on Ru(001) at 80 K are shown in Fig. 1. The 0.2 and 0.8 L exposures correspond, respectively, to
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approximately 20 and 70% of saturation acetylene coverage, and the 10 L exposure, as the results dis-
cussed above suggest, is more than sufficient to saturate the monolayer. Indeed, hydrogen thermal
desorption spectra are identical for all acetylene exposures greater than 5 L, confirming that a 5 L expo-
sure corresponds to saturation coverage of chemisorbed acetylene on Ru(001), and that the hydrogen
thermal desorption features shown in Fig. 1 correspond to the decomposition of these chemisorbed
species. The spectra in Fig. 1 reveal two main desorption features, a low temperature (B;) peak and a
broad, high temperature (,) peak. The B, peak is centered at 425 K for a 0.2 L acetylene exposure
and shifts downward to 380 K for saturation acetylene exposures. This behavior is characteristic of
second-order desorption kinetics. The B, peak is quite broad, extending from about 480 to 580 K for

0.2 L acetylene exposures, and from 480 to 700 K for saturation exposures.

As will be shown from the EELS results, the only hydrocarbon species resulting from acetylene
decomposition on Ru(001) above 400 K is methylidyne. Thus, the high temperature 3, desorption peak
of hydrogen results from methylidyne decomposition to yield carbon adatoms and H,(g). The B,
desorption peak of hydrogen results from surface hydrogen that is formed from the dehydrogenation of
ethylidyne (and to a lesser degree from acetylene decomposition to acetylide), as will be discussed later.
For inital acetylene exposures of 0.4 L or more, the ratio of the B, to B, peak areas is 3:1 within exper-
imental error, indicating that one-fourth of the hydrogen initially present in the chemisorbed acetylene
is eventually present in methylidyne. For 0.2 L acetylene exposures, the ratio of the By to B, peak areas
is more difficult to determine due to peak overlap, but it is approximately 2:1, indicating that one-third
of the hydrogen atoms initially present in the acetylene are eventually present in methylidyne. Thus,

relatively more methylidyne is formed for low initial acetylene exposures.

Since neither monolayer acetylene nor other hydrocarbons desorb molecularly from Ru(001), all
of the chemisorbed acetylene decomposes on the surface to yield eventually Hy(g) and carbon adatoms.
Thus, there is a one-to-one correspondence between the amount of acetylene adsorbed in the monolayer
and the total amount of hydrogen desorbing in the B; and B, thermal desorption peaks.Consequently,
the total amount of hydrogen desorbing following an acetylene exposure may be compared to the

amount of hydrogen desorbing from the clean Ru(001) surface following a saturation exposure to H,
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(21), and this may be used to calculate the acetylene coverage. This yields a saturation fractional cov-

erage of approximately 0.27 for acetylene adsorption on Ru(001).
B. Electron Energy Loss Spectroscopy

1. The Multilayer State

As indicated above, exposing the Ru(001) surface at 80 K to approximately 5 L. or more of C,H,
or C,D, results in the condensation of molecular multilayers of acetylene on the surface. The EEL
spectra of C;H, and C,D, multilayers on the Ru(001) surface are shown in Fig. 2, and the observed
vibrational frequencies are listed in Table 1, together with data for both gas phase and crystalline acet-
ylene. These multilayer spectra are useful as a supplement to TDMS data, both in verifying the purity
of the acetylene used in these experiments and in determining when saturation coverage of chemisorbed
acetylene is obtained. For both C,H, and C,D,, all fundamental modes are clearly resolved except v,
the Raman active carbon-hydrogen symmetric bending mode, which is obscured by the intense, IR
active asymmetric bending mode, vs. As in the case of gas phase IR spectra of acetylene (18), the
frequency of the v;, mode may be estimated from the observed vs + v, combination band, which occurs
at 1375 cm™ for C,H, multilayers and 1110 cm™ for C,D, multilayers. Not surprisingly, the IR active
modes of the acetylene multilayers are close in frequency to both those of crystalline acetylene (22) and
those of gas phase acetylene (18). The feature near 740 cm™ in Fig. 2(b) is probably due to a small

amount of C;H, in the deuterated acetylene.  This impurity is on the order of 1% or less.
2. Molecularly Chemisorbed Acetylene

Annealing the Ru(001) surface on which acetylene multilayers are present to above 95 K, or
exposing the Ru(001) surface to less than 5 L of acetylene at 80 K, results in the formation of a surface
species that is stable to approximately 230 K. This chemisorbed species is identified easily as molecu-
larly adsorbed acetylene that has undergone extensive rehybridization upon adsorption. The observed
vibrational modes for C;H, and C,D, are listed together with their assignments in Table 2, and the
relevant EEL spectra are presented in Fig. 3. For comparison, the vibrational data for acetylene in two
organometallic cobalt compounds are also listed in Table 2. These data will be discusséd below in rela-

tion to possible bonding geometries for acetylene on Ru(001).
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The mode assignments follow in a straightforward fashion from a comparison of the spectra of
hydrogenated and deuterated acetylene. The loss feature at 2940 (2210) cm™ for C,H, (CZDz)' is
clearly due to a carbon-hydrogen (carbon-deuterium) stretching vibration. In both cases, the symmetric
and asymmetric stretching modes are not resolved. The intense mode at 765 cm™, which shifts down
t0 565 cm™ upon deuteration, is assigned to a carbon-hydrogen bending mode, as is the less intense
mode, which shifts from 980 to 715 cm™ upon deuteration. The feature that appears at 1135 cm™ in
the C,H, spectrum and at 1085 cm™ in the C,D, spectrum clearly does not shift sufficiently to be a
hydrogenic mode and is thus assigned as the carbon-carbon stretching vibration. Modes at 520 and 375
cm™ in the C,H, spectrum are assigned, respectively, to the asymmetric and symmetric metal-carbon
stretching modes of adsorbed acetylene. The latter mode occurs at 350 cm™ for C,D,, while the asym-
metric metal-carbon stretch in the deuterated species is obscured by the carbon-deuterium bending mode
that is centered at 565 cm™. There is no other set of mode assignments that consistently accounts for

the observed spectra.

Off-specular EEL spectra indicate that the carbon-carbon stretching vibration at 1135 cm™ in
C;H; and the carbon-hydrogen bending vibration at 765 cm™ are principally dipolar excited modes,
while the carbon-hydrogen stretching vibration at 2940 cm™ and the carbon-hydrogen bend at 980 cm™
are excited primarily by nondipolar mechanisms (23). These data suggest that the carbon-hydrogen bend
at 765 cm™ involves motion of the hydrogen atoms largely perpendicular to the surface, while the
carbon-hydrogen bend at 980 cm™ involves motion of the hydrogen atoms largely parallel to the sur-
face. However, without detailed knowledge of the surface binding site of chemisorbed acetylene,
assignment of these bending modes as "in-plane" or "out-of-plane” is not possible. No additional vibra-

tional modes are observed in off-specular spectra.

The observed carbon-carbon stretching frequenéy of 1135 cm™ for chemisorbed C,H, corresponds
to a carbon-carbon bond order nearly equal to one, with the carbon atoms being nearly sp’
hybridized. This may be seen by comparison to the gas phase carbon-carbon stretching frequencies of
ethane (vce = 995 cm™) and ethylene (vee = 1623 cm™) (18). Although this is the lowest carbon-

carbon stretching frequency that has heretofore been observed for chemisorbed acetylene on any transi-
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tion metal surface, it is quite close to the value of 1145 cm™, which has been observed for C,H, on
Fe(111) (14). The carbon-hydrogen stretching frequency of 2940 cm™ is also consistent with carbon
atoms that are nearly sp® hybridized; typical values for vy are 2800-3000 cm™ for sp? hybridized car-

bon atoms and 2950-3100 ¢cm™! for sp? hybridized carbon atoms (18).

A comparison of the carbon-carbon stretching frequency of 1135 cm™ for acetylene chemisorbed
on Ru(001) to the carbon-carbon swretching frequencies of the acetylene ligands in the cobalt com-
pounds listed in Table 2 suggests that such a low value of v¢c is not at all unreasonable for acetylene
adsorbed on a metal surface. The decrease in frequency of 204 cm™, from vce = 1403 to 1199 cm™,
in going from a two-cobalt atom cluster to a four-cobalt atom cluster suggests that a further decrease in
Vee might be expected as the metal "cluster” becomes infinitely large (i.e. a metal surface). This
should be especially true of the surfaces of the relatively more reactive iron group metals, as opposed to
surfaces of the nickel-palladium-platinum triad on which acetylene adsorption has been studied more

extensively.

Based on the EELS data alone, any conclusions regarding the nature of the adsorption site for
acetylene on Ru(001) must be somewhat speculative. It has been suggested (4) that adsorbed C,H,
species exhibiting strong carbon-hydrogen bending modes in the 670-770 cm™ region, together with
relatively weak carbon-carbon stretching modes, are the result of a "di-o + n" bonding structure in
which the plane of a cis M-CH=CH-M complex is tilted significantly with respect to the surface normal
through the interaction of the C=C bond with a third metal atom. Such a model accounts successfully
for the dipolar enhancement of the intense carbon-hydrogen bending mode in these surface complexes,
assigned as the Ycy out-of-plane bend. Such species occur when acetylene is adsorbed on Ni(110),
Pd(111), Pd(110), Rh(111) and Pt(111). However, on all of these surfaces, the adsorbed acetylene is
characterized by a carbon-carbon stretching frequency between 1300 and 1400 cm™. Consequently, it
is not clear that the same structure should apply to C,H, on Ru(001). Indeed, the low carbon-carbon
stretching frequency of 1135 cm™ argues against any model that invokes m-bonding between the
carbon-carbon bond and the surface. Possible alternative bonding geometries are suggested by the

organometailic compounds listed in Table 2. In the compound Co,(CO)s(C,H,) (24), the plane contain-
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ing the C,H, group bisects the cobalt-cobalt vector and is perpendicular to it. A similar bonding
configuration could be obtained for acetylene on Ru(001) if the carbon atoms of acetylene occupy adja-
cent, inequivalent threefold hollow sites on the surface [Fig. 4(a)]. Since these adjacent adsites are
separated by 1.56 A on this surface (25), slightly farther apart than the length of a carbon-carbon single
bond in a hydrocarbon molecule (1.54 ,&), it is probable that the carbon atoms would not be centered
directly above the threefold sites, if such a bonding geometry were to occur. In the compound
Co(COY(C.H;) (26), the carbon-carbon bond of the acetylene ligand lies parallel to a cobalt-cobalt
bond, with each carbon atom being o-bonded to one of these two cobalt atoms and with a four-
centered, U-type bond between the carbon atoms and the remaining two cobalt atoms. An analogous
bonding situation on Ru(001) would be achieved if the two carbon atoms of the acetylene are ¢-bonded
to nearest neighbor ruthenium atoms, and with a four-centered bond between the carbon atoms and the
two ruthenium atoms on either side of this carbon-carbon bond [Fig. 4(b)]. It should be emphasized
that the observation of a dipolar enhanced carbon-carbon stretching mode in specular EEL spectra does
not rule out such bonding models in which the carbon-carbon bond lies very nearly parallel to the sur-
face, since charge coupling between the adsorbed acetylene and the metal may result in a substantial

dynamic dipole’s being associated with the v vibration (27).

In summary, molecularly adsorbed acetylene on Ru(001) exhibits vibrational frequencies charac-
teristic of essentially a carbon-carbon single bond and sp® hybridized carbon atoms. Although we have
discussed two possible bonding configurations based on a comparison with organometallic cobalt com-
plexes, we stress that this is speculative and feel that additional studies of the vibrational spectra of ace-
tylene in cluster compounds and additional measurements with other surface sensitive techniques are

necessary before firm conclusions may be drawn concerning the nature of the binding site on Ru(001).
3. Thermal Def;omposition of Chemisorbed Acetylene
Upon heating the Ru(001) surface with molecularly chemisorbed acetylene to temperatures in the
range of 250-350 K, marked changes occur in the EEL spectra. Figure 5(a) shows the EEL spectrum

that results when the surface represented in Fig. 3(a) of adsorbed C,H, is annealed to 300 K. The most

obvious changes are the disappearance of the carbon-hydrogen bending mode of molecularly adsorbed
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acetylene at 980 cm™ and the appearance of a new mode at 1360 cm™, which is comparable in inten-
sity to the mode at 1140 cm™. In addition, the strong carbon-hydrogen bending mode, which occurs at
765 cm™! for molecularly adsorbed acetylene, shifts down slightly (~15 cm™) in frequency. Finally, the
metal-carbon stretching modes of adsorbed acetylene at 375 and 520 cm™! are no longer present but are

replaced by a new mode at 435 cm™.

Spectra of deuterated acetylene on Ru(001) that has been annealed to 300 K [Fig. 5(b)] show
similar changes. The intense carbon-deuterium bend of molecularly adsorbed C,D, shifts downward
slightly from 565 to 550 cm™, the carbon-deuterium bend at 715 cm™ is greatly reduced in intensity or
completely absent, and a new mode appears at 420 cm™. In addition, a relatively broad feature appears

between 1080 and 1120 cm™, and a weaker feature appears at 1260 cm™.

These observed changes that occur in the EEL spectra when the surface is annealed to tempera-
tures above 250 K might be accounted for in iwo different ways. One possibility is that acetylene
remains molecularly chemisorbed on the surface under these conditions but has undergone a change in
molecular orientation or adsorption site such that the observed spectral changes result. The second pos-
sibility is that a surface reaction has taken place, resulting in the formation of one or more new surface
species. The first of these two possibilities is most unlikely in view of the previously discussed thermal
desorption spectra. The fact that the low temperature tail of the §; hydrogen thermal desorption peak
extends to below 250 K for saturation acetylene coverages indicates that some carbon-hydrogen bond
cleavage has occurred by this temperature. Furthermore, attempting to rationalize the EEL spectra
observed after heating to 300 X in terms of molecularly adsorbed acetylene would require assigning the
1360 cm™ peak in the C,H, spectra to a carbon-hydrogen bending mode, which is inconsistent with all
existing vibrational data for acetylene adsorbed on surfaces or inconsistent as a ligand in organometallic
compounds (28). In addition, the bands at 1140 and 1360 ém“ in Fig. 5(a) disappear at a slightly
lower temperature than the band at 750 cm™'. Hence, these two modes cannot be assigned as belonging
to the same surface species that gives rise to the 750 cm™ mode. The possibility that the EEL spectra

in Fig. 5 correspond to some altered form of molecularly chemisorbed acetylene may therefore be ruled

out unambiguously.
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Consequently, it must be concluded that the EEL spectra shown in Fig. 5 are characteristic of at
least two different reaction products that result from the thermally activated decomposition of acetylene
on Ru(001). Indeed, the observed vibrational modes may be explained easily in terms of two species,
namely, acetylide and ethylidyne. Mode assignments for both species are listed in Table 3. Ethylidyne
has been isolated previously and identified as a product of ethylene decomposition on Ru(001) (2,3),
and modes of approximately equal intensity at 1140 cm™ (carbon-carbon stretch) and 1360 cm™
[85(CH,)] are characteristic of this species. To confirm further the identity of this species, off-specular
EEL spectra were measured, which showed additional vibrational modes at 990 cm™ [p(CH3)] and 1440
cm™! [8,(CHa)), as is the case for ethylidyne formed by ethylene decomposition. The remaining vibra-
tional modes in Fig. 5 may be assigned to the acetylide species. The 750 cm™ mode is a carbon-
hydrogen bend, and the 435 cm™ mode is a metal-carbon stretch. The latter is far too intense to be
attributed solely to the metal-carbon stretch of coadsorbed CO, and since a mode of this intensity was
not observed in the case of ethylidyne formed from ethylene on Ru(001), we attribute it mainly to the
acetylide species. It is possible, however, that the symmetric metal-carbon stretch of ethylidyne, which
occurs at 480 cm™ for ethylidyne formed from ethylene decomposition (3), also contributes to the
intensity of this mode. As may be seen in Table 3, deuterated spectra are consistent with these assign-
ments. The feature at 1085 cm™ in the C,D, spectrum is due to the overlap of the carbon-carbon
stretch and the 8(CD;) mode of deuterated ethylidyne. In addition, the weak mode that appears at
1260 cm™ in the deuterated spectra may be assigned to the carbon-carbon stretch of the acetylide. This
frequency is too high to be due to any sort of carbon-deuterium vibration, since no modes (except the
carbon-hydrogen streich) appear above 1360 cm™ in the specular spectra of acetylide and ethylidyne.
The corresponding mode for acetylide is expected to be upshifted slightly (it appears at 1290 cm™ for
acetylide formed from ethylene decomposition) and is thus obscurred by the §,(CH,;) mode of ethyli-
dyne. Finally, it should be noted that the carbon-hydrogen (carbon-deuterium) stretching frequencies of
the acetylide and the ethylidyne are not well resolved and therefore must be at approximately the same

frequency.

Since ethylidyne has a larger hydrogen-to-carbon atom ratio than acetylene, it is obvious that not
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all of the molecularly adsorbed acetylene on Ru(001) may be converted to ethylidyne when the surface
is heated. This is consistent with the observation that ethylidyne is formed only when acetylide is
formed simultaneously. Thus, the overall chemical conversion that results in ethylidyne formation may
be written as the self-hydrogenation reaction
2C,H,(a) —» CCH(a) + CCHy(a) .

This is not meant to imply, however, that acetylide and ethylidyne are formed in a ratio of 1:1, since it
is obvious that acetylide formation may occur without ethylidyne formation. As written, this reaction
says nothing concerning the mechanism of acetylide and ethylidyne formation from acetylene, an issue
of obvious fundamental importance. We have not been able to isolate spectroscopically a CCH, species
or any other intermediate in the formation of ethylidyne under these conditions. Coadsorption experi-
ments with acetylene and hydrogen on Ru(001) are currently in progress, which may shed light on the

mechanism of acetylide and ethylidyne formation (29).

The ethylidyne that is formed on Ru(001) has been discussed in detail in previous studies of
ethylene adsorption (2,3) and, consequently, will not be considered further here. However, since we
have not previously described the acetylide species in detail, a discussion of this species is in order.
Very few acetylide species have been identified previously on metal surfaces. On Ag(110) with pread-
sorbed oxygen, an acetylide has been identified as the result of acetylene decomposition (6). However,
since the carbon atoms in this species retain an sp hybridization, as evidenced by a carbon-hydrogen
stretching frequency of 3250 cm™, this species is clearly not closely related to the acetylide that is
formed on Ru(001). Acetylene decomposition on Pd(100) and Pd(111) (9), however, leads to the for-
mation of an acetylide that is very similar to the one observed on Ru(001), the former being character-
ized by an intense carbon-hydrogen bend at 750 cm™, a weak carbon-carbon stretch at 1340 cm™, and
a rather weak carbon-hydrogeﬁ stretch at 3000 cm™. From these data it was suggested that the ace-
tylide on the palladium surfaces has both carbon atoms bonded to the surface, with the carbon-carbon
bond axis either parallel or slightly skewed relative to the surface plane. This is consistent with a weak
carbon-carbon stretching vibration and an intense carbon-hydrogen bending vibration, in accordance

with the surface dipole selection rule for EELS (23). The same conclusions very likely apply to the
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acetylide on Ru(001), and the somewhat lower carbon-carbon (1260 cm™ for CCD) and carbon-
hydrogen (~2935 cm™) stretching frequencies on the ruthenium surface suggest a slightly lower
carbon-carbon bond order than occurs in the acetylide on palladium, although in both cases the bond
order is clearly between one and two. This slightly lower carbon-carbon bond order may be related to
the lower decomposition temperature of acetylide on Ru(001). On this surface the acetylide has decom-
posed entirely by 400 K, while on Pd(100) at least some acetylide remains on the surface to 650 K.
Finally, we note that it is quite reasonable that the carbon-carbon stretching frequency of adsorbed ace-
tylide is somewhat higher than that of chemisorbed acetylene on Ru(001), since the former may have

some double bond character due to the additional electron no longer involved in a carbon-hydrogen

bond.

Annealing the Ru(001) surface to temperatures of 400 K or higher causes the decomposition of
both the acetylide and the et.hylidyne, and a new surface species appears which is characterized by
vibrational modes at 440 (415), 800 (615) and 3010 (2255) cm™ in the case of C,H, (CyD5). The
vibrational spectra for the hydrogenated and deuterated forms of this species are shown in Fig. 6.
Based on the previous studies of ethylene decomposition on Ru(001), and comparison to vibrational
data for a number of previously identified surface species (14,30-33) and analogous organometallic
compounds (34,35), the vibrational modes of this new species are identified easily, respectively, as the
metal-carbon stretch, the carbon-hydrogen (carbon-deuterium) bend and the carbon-hydrogen (carbon-
deuterium) stretch of a surface methylidyne. The carbon-hydrogen modes are listed in Table 4 and
compared to those for other methylidyne species on surfaces and in the organometallic compounds
Ru3(CO)gHs(us-CH) and Coy(us~CHYCO)y. A significant feature of the methylidyne spectra is the
complete lack of any vibrational features between 1000 and 2000 cm™ which might have been associ-
ated with a carbon-carbon stretching vibration. Note that the frequency of the carbon-hydrogen bend of
methylidyne is approximately 50 cm™ higher than, and thus quite distinct from, the carbon-hydrogen
bend of the acetylide which exists at lower temperatures, and that the carbon-hydrogen stretch is also
upshifted by about 70 cm™. It should be pointed out that, in addition to methylidyne, there must be a

rather large concentration (approximately 0.4 monolayer) of carbon adatoms on the Ru(001) surface at
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400 K, since the thermal desorption spectra indicate a large fraction of the hydrogen initially present in
the acetylene has desorbed from the surface by this temperature. Heating the surface to slightly over
700 K desorbs the remaining hydrogen, and EEL spectra measured at 800 K verify that all spectral
features due to methylidyne have disappeared. All that remains is a weak loss feature near 600 cm™,

which may be attributed to the presence of carbon adatoms.

Both chemical intuition and the structures of the organometallic complexes listed in Table 4 sug-
gest that the most likely coordination site for methylidyne on Ru(001) is one in which the carbon atom
occupies a threefold hollow site. Indeed, the observed carbon-hydrogen bending and stretching modes
of methylidyne on Ru(001) resemble most closely those of methylidyne on the hexagonally close-
packed Ni(111) surface, on which a structure has been proposed in which the carbon atom occupies a
threefold hollow site, and the carbon-hydrogen bond axis is tilted slightly with respect to the surface
normal. The latter allows the carbon-hydrogen bending mode to become dipolar active and could
account for its relatively high intensity in the methylidyne spectra on Ru(001). Spectra taken 10° off-
specular do indeed indicate a marked reduction in the intensity of the carbon-hydrogen bending mode
on Ru(001), suggesting that this mode is dipolar enhanced in specular EEL spectra and that the carbon-
hydrogen bond axis may be tilted slightly with respect to the surface normal. These conclusions are in

agreement with those of Barteau et al. (2) for methylidyne formed from ethylene decomposition on
Ru(001).

Two closely related issues remain to be addressed regarding acetylene decomposition on Ru(001).
The first is the relative concentrations of acetylide and ethylidyne formed upon decomposition of
molecularly chemisorbed acetylene between 230 and 250 K. Unfortunately, neither the EELS nor the
TDMS results discussed here can provide an unambiguous answer to this question. Clearly,
stoichiometry requires that unless some acetylene is dehydrogenated completely to C, dimers below 250
K, a possibility which seems unlikely and for which there is no spectroscqpic evidence, no more than
half of the chemisorbed acetylene may be converted to ethylidyne, while the rest decomposes to acet-
ylide. Taking into account the saturation acetylene coverage of 0.27 monolayer, this places an upper

limit of approximately 0.14 monolayer on the total concentration of ethylidyne produced. A suitable
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lower limit is not so easily derived. Since the desorption of hydrogen begins slightly below 250 X for
a saturation exposure of acetylene, it is obvious that not all of the hydrogen that results from acetylide
formation contributes to ethylidyne formation. Rather, an overall reaction such as
CyH,(a) — CCH(a) + 2 Hy(g)
also occurs to some extent. Consequently, the surface concentration of acetylide is greater than that of

ethylidyne, although the exact ratio is not known.

The second remaining question involves the mechanism of methylidyne formation; ie., is the
methylidyne formed via carbon-carbon bond cleavage of acetylide, via decomposition of ethylidyne, or
via a combination of both of these mechanisms? Since acetylide and ethylidyne decompose in very
similar temperature ranges, the former between approximately 350 and 380 K and the latter between
approximately 330 and 360 K [as judged both from this acetylene study and our previous ethylene study
(3], EEL spectra are of little use in answering this question. However, some information may be
gleaned from the fact that the ratio of the areas of the B; to B, hydrogen thermal desorption peaks is
less for low initial acetylene exposures compared to higher exposures. This implies that relatively more
methylidyne is formed from acetylene decomposition at low initial coverages of the latter. In our study
of ethylene decomposition on Ru(001) (3), it was found that the ratio of acetylide to ethylidyne formed
upon ethylene decomposition was larger at lower initial ethylene coverages relative to higher initial
coverages, and it would be expected that this is true in the case of acetylene as well. This is in accord
with the fact that ethylidyne occupies only one site on the surface, while an acetylide and two hydrogen
adatoms occupy at least three sites. Consequently, the former should be favored at higher initial cover-
ages of acetylene. Therefore, a relatively greater amount of acetylide formation leads to a relatively
greater amount of methylidyne formation, and it follows that acetylide must have a greater tendency to
decompose to yield methylidyne than does ethylidyne. Thus, the dominant mechanism of acetylide
decomposition appears to be carbon-carbon bond cleavage to give C(a) and CH(a), while the dominant
mechanism of ethylidyne decomposition is to 2 C(a) and 3 H(a). This is in agreement with the more
conclusive EELS results for ethylene decomposition on Ru(001) (3), which show more clearly the

decomposition of ethylidyne prior to the decomposition of acetylide, and with little or no methylidyne



180
formation accompanying the ethylidyne decomposition.

Further evidence that methylidyne is formed largely from acetylide decomposition was provided
by adsorbing acetylene at 350 K. A subsequent hydrogen thermal desorption spectrum showed that the
area of the B, desorption peak (from methylidyne) is enhanced by approximately a factor of two com-
pared with that observed after a saturation exposure of acetylene at 80 K. Since the desorption of sur-
face hydrogen is rapid at 350 K, the probability of ethylidyne formation under these conditions is negli-
gible. On the other hand, acetylide is stable at 350 K, and its surface concentration was found to be
enhanced relative to adsorption at 80 K, followed by annealing. This enhancement in the surface con-
centration of acetylide correlated with the enhancement in the surface concentration of methylidyne that
was observed, strongly implicating acetylide as the major source of methylidyne. However, the possi-
bility that a small amount of ethylidyne decomposes to give methylidyne, or that a small amount of

acetylide decomposes to 2C(a) + H(a) rather than to C(a) and methylidyne cannot be ruled out com-

pletely.

In summary, the overall mechanism of acetylene decomposition on Ru(001) may be written as

CiHy(e) 20K ) |

CHa(a) 20250 cena) + conya

CCH(a) 350"j30K C(a) + CH(a)
CCH,(a) 330"_1““‘ 2C(a) + 3H(a)

2HG@) K Hyg) |

and

480-T00K

CH(a) -

C@ + 3 Hi(®)

IV. Conclusions
The principal conclusions of this work may be summarized as follows:

1. Molecularly adsorbed acetylene on Ru(001) is stable below 230 K and is characterized by a
carbon-carbon stretching frequency of 1135 c¢m™, corresponding to carbon atoms that are very

nearly sp® hybridized. This is the lowest carbon-carbon stretching frequency yet observed for
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molecularly adsorbed acetylene on a transition metal surface. The saturation coverage of molecu-

larly adsorbed acetylene on Ru(001) is approximately 0.27 monolayer.

2. Molecularly adsorbed acetylene does not desorb intact from Ru(001), but rather is an intermediate
to dehydrogenation and hydrogenation that occurs between 230 and 250 K, yielding acetylide and
ethylidyne.

3. The acetylide and ethylidyne decompose near 350 K, leaving methylidyne as the only hydrocar-
bon species on the surface by 400 K, along with carbon adatoms. The decomposition of ethyli-
dyne (and perhaps to some degree the decomposition of acetylide) produces surface hydrogen,
which recombines and desorbs as H,(g). This desorption occurs at 425 K for very low initial

coverages of acetylene and at 380 K for a saturation coverage of chemisorbed acetylene.

4. The methylidyne decomposes between 480 and 700 K, yielding H,(g) and leaving only carbon on

the surface.
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Table 1.  Vibratonal frequencies (cm™) for C,H, and C,D, in gas and crystalline phases, and for
C;H, and C,D, multilayers on Ru(001) at 80 K.

C,H,
Crystalline  Multlayers
Mode Gas (18) IR (22)'  on Ru(001)
CH s bend (vy) 612 - 605°
CH a bend (vs) 729 761,769 770
CC stretch (v5) 1974 - 1970
CH a stretch (v3) 3287 3226 3255
CH s stretch (vy) 3374 - 3360
CiDy
Crystalline  Multilayers
Mode Gas (18) IR (22)! on Ru(001)
CD s bend (v4) 505 - 545°
CD a bend (vs) 539 562,568 565
CC stretch (v,) 1762 - 1780
CD a streich (v4) 2439 2393 2440
CD s stretch (vy) 2701 - 2705

*Estimated from frequency of v, + vs combination band.
'Crystalline IR data at 63 K.
§ = Symmetric, a = asymmetric.
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Table 2.  Vibrational modes of molecularly adsorbed acetylene on Ru(001) in the iemperature range
80-230 K, with comresponding frequencies from the cobalt compounds Co,(CO)(C,H,) (24) and
Co4(CO)14(C;H,) (26) presented for comparison. All frequencies are reported in cm™.

Ru(001)
v(CyHy)
Mode C;H, CD, V(CaDy)  CoxCO)(CoHy)  Cog(CO)1o(CoHy)
CH a stretch 3116 3020
2940 2210 1.33
CH s stretch 3086 2993
CC stretch 1135 1085 1.05 1403 1199
CH bend 980 715 1.37 894 983,1120
CH bend 765 565 1.35 768 837,922
MC a stretch 520  obscurred - 605 619
MC s stretch 375 350 1.07 551 ?

§ = symmetric, a = asymmetric.
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Table 3.  Vibrational modes observed for ethylidyne and acetylide present on the Ru(001) surface in
the temperature range 250-350 K due to acetylene decomposition. All frequencies are given in cm™.

CCH,; (ethylidyne)

v(C,Hy)
Mode C,;Hs CDy W(CyDy)

CC stretch 1140 ~1150' 0.98
8(CH,) 1360  ~1030' 1.30
CH stretch”  ~2935  ~2210 1.33
§,(CHy)™ 1440 .

p(CHy)™* 990 800 1.24

CCH (acetylide)

V(CzH)
Mode C,H c,D v(C,D)
CH bend 750 550 1.36

CC streich obscurred 1260 -
CH stretch” ~2935 ~2210 1.33
RuC stretch 435 420 1.04

"These two modes overlap in the deuterated spectra, and the frequencies given are best estimates based
on several different specira.

“The CH and CD stretching modes of the acetylide and ethylidyne species are not well resolved.

“"These modes are observed mainly in off-specular spectra; they are very weak or absent in specular
EEL spectra.
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Table 4. Vibrational frequencies (cm™) of the carbon-hydrogen bending and stretching modes of
methylidyne in two organometallic compounds and on several metal surfaces.

Coy(u;~CH)CO)  Fe(111) Ni(111) Pd(111) Py111) Rh(111) Ru(001)

(34) (14) (30) 31 (32) 33 (this
work)
CH bend 850 795 790 762 850 770 300

CH stretch 3041 3015 2980 3002 3100 3025 3010
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Figure Captions

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

The H, thermal desorption spectra resulting after the Ru(001) surface at 80 K is exposed to
0.2, 0.8 and 10 L of C;H,. The heating rate used in recording these spectra is approximately
20 K-s7%.

The EEL spectra that result from 10 L exposures of (a) C,H, and (b) C;D, to the Ru(001)

surface at 80 K. These spectra are characteristic of condensed acetylene multilayers.

The EEL spectra that result when the Ru(001) surface at 80 K is exposed to 5 L of (a) C,H,
and (b) C;D, and heated to 150 K. The spectra were recorded at 80 K. These spectra are

characteristic of chemisorbed acetylene.

(a) The metal-acetylene structure of the organometallic compound Co,(CO)¢(C,H,) (24), and
an analogous bonding configuration for acetylene on the Ru(001) surface. (b) The metal-
acetylene structure of the organometallic compound Cos(CO);4(C;H,) (26a), and an analogous

bonding configuration for acetylene on the Ru(001) surface.

The EEL spectra that result when the Ru(001) surface at 80 K is exposed to 5 L of (a) C,H,
and (b) C,D, and heated to 300 K. These spectra were recorded at 80 K and show the

characteristic features of acetylide and ethylidyne.

The EEL spectra that result after the Ru(001) surface at 80 K is exposed to 5 L of (a) C,H,

and (b) C,D,, annealed to 400 K, and recooled to 80 K. These spectra are characteristic of a

methylidyne species.
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Appendix 2

The Coadsorption of Hydrogen and Acetylene on the Ru(001) Surface

L Introduction
II.  Experimental Procedures
III.  Resuits
A. Thermal Desorption Mass Spectrometry

1. Hydrogen Thermal Desorption
2. Ethylene Thermal Desorption

B. Electron Energy Loss Spectroscopy
IV.  Discussion

V. Conclusions

[This chapter has been accepted for publication as an article by J. E. Parmeter, M. M. Hills and W. H.

Weinberg in The Journal of the American Chemical Society.]
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Abstract

The adsorption of acetylene on Ru(001) surfaces with various coverages of preadsorbed hydrogen
has been investigated using high resolution electron energy loss spectroscopy and thermal desorption
mass spectrometry. The presence of a saturation coverage of dissociatively adsorbed hydrogen (8y =
0.85) inhibits the subsequent adsorption of acetylene, reducing the fractional saturation coverage of
chemisorbed acetylene at 80 K from approximately 0.25 to 0.11. Partial hydrogenation of the chem-
isorbed acetylene occurs as the surface is heated above 150 K, resulting in the formation of an
N*~CHCH, species. Further hydrogenation of n>~CHCH, to ethylene occurs also, with 0.01 monolayer
of ethylene desorbing at 175 K. The remainder of the chemisorbed acetylene is not hydrogenated to
ethylene but undergoes carbon-hydrogen bond cleavage and formation to yield acetylide (CCH) and
ethylidyne (CCHs) above 230 K, as on clean Ru(001). The ratio of ethylidyne to acetylide is greater,

however, on the hydrogen-presaturated surface.
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I. Introduction

The adsorption of acetylene has been studied on a number of single crystalline transition metal
swifaces under ultrahigh vacuum (UHYV) conditions (1-15), both to gain insight into the interaction of
alkynes with such surfaces, and to isolate stable surface intermediates in order to make a connection
with the bonding of similar ligands in organometallic complexes. In nearly all cases, acetylene adsorbs
molecularly at low temperatures (T < 250 K), but with substantial rehybridization of the carbon-carbon
triple bond occurring. We have recently reported the results of a study of acetylene adsorption and
reaction on the hexagonally close-packed Ru(001) surface, using high resolution electron energy loss
spectroscopy (EELS) and thermal desorption mass spectrometry (TDMS) (16). It was found that acet-
ylene chemisorbs molecularly on this surface below 230 K with rehybridization of the carbon atoms to
nearly sp3, as judged by a carbon-carbon stretching frequency of 1135 cm™ (17). The chemisorbed
acetylene undergoes both carboh-hydrogen bond cleavage and bond formation when the surface is
heated above 230 K, yielding two stable intermediates on the surface, namely, acetylide (CCH) and
ethylidyne (CCH3). The acetylide and ethylidyne decompose below 400 K, leaving methylidyne (CH)
and surface carbon, with desorption of H; centered at 375 K. The methylidyne decomposes below 800
K with further H, desorption between 480 and 800 K, leaving only carbon on the surface. The desorp-

tion of neither molecular acetylene nor any other hydrocarbons occurs.

An issue of fundamental importance in understanding alkyne hydrogenation reactions on transition
metal surfaces is the interaction of chemisorbed acetylene with coadsorbed hydrogen. The reactions of
coadsorbed hydrogen and acetylene have been studied previously on the hexagonally close-packed
Py(111) (9), Pd(111) (6,7), Rh(111) (10), and Ni(111) (4) surfaces and also on the stepped
Ni[5(111)x(110)] surface (4). Since the reactions of ethylene (18,19), hydrogen (20-22), and coad-
sorbed ethylene and hydrogen (23) on Ru(001) have all been st;xdied previously with EELS and TDMS,
this is an obviously desirable surface on which to conduct hydrogen and acetylene coadsorption experi-
ments. We report here the results of such an investigation, also employing both EELS and TDMS, of
acetylene coadsorption and reaction with preadsorbed hydrogen on Ru(001). These results provide

unambiguous evidence for the hydrogenation of acetylene to ethylene under UHV conditions, and they
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yield additional information that permits important comparisons to acetylene and ethylene decomposi-

tion on clean Ru(001).

II.  Experimental Procedures

The EEL spectrometer and the UHV chamber which houses it have been described in detail else-
where (24). The resolution of the spectrometer varied between 60 and 80 cm™ (full-width at half-
maximum), while maintaining a count rate of 2 x 10° counts per second in the elastically scattered
beam with an incident electron beam energy of approximately 4 eV. All EEL spectra presented and
discussed here were measured in the specular direction, which was 60° from the surface normal. The

angle of acceptance of the electron energy analyzer was approximately 2°,

Thermal desorption mass spectrometric measurements were performed both in the EELS chamber
and in a separate UHV chamber that has been described elsewhere (25). This UHV chamber was
equipped with a skimmer on the mass spectrometer in order to minimize the effects of desorption from
the crystal edge (the area of which is approximately 8% of the oriented surface area) and the support
leads. While most TDM spectra collected in the EEL chamber (including those in Figs. 1 and 3)
employed a temperature base, the TDM spectra in this second chamber were time base spectra with a
computer algorithm for baseline subtraction, and this provided more accurate coverage determinations.
All coverages reported in this paper are based on this more accurate method. The desorption peak
temperatures reported here are accurate to within approximately +5 K, and the heating rate was approxi-

mately 8 K-s™! in all cases.

The Ru(001) crystals in both UHV chambers were cleaned using standard techniques of Ar*
sputtering and annealing in oxygen (26). Surface cleanliness was monitored via EELS and TDMS in

the EELS chamber, and via Auger electron spectroscopy and TDMS in the second UHV chamber,

The H, and D, used in this study were obtained from Matheson with reported purities of 99.9995
and 99.5%, respectively. These gases were used without further purification, and their mass spectra
gave no indication of any impurities. Previous studies of H, adsorption on Ru(001) (20-22) have shown

that the adsorption is dissociative at all temperatures examined (T > 75 K), with the hydrogen adatoms
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giving rise to very weak EELS loss features near 800 and 1150 cm™, In addition to the appearance of
these loss features, hydrogen adsorption on clean Ru(001) resulted in an increase in the intensity of the
elastically scattered peak (surface reflectivity) by about a factor of two, an effect that has been noted

previously (27).

The C,D, (99 atom % deuterated) was obtained from MSD Isotopes and used without further
purification. The C,H, was obtained from an industrial acetylene tank (95% purity) and was purified as
described elsewhere (16). Both the C,H, and C,D,; showed mass spectral cracking patterns that were
virtually identical to those reported in the literature (28), and no impurities could be detected in either
case. Thermal desorption measurements were performed with C,D4 in order to make a comparison with
the observed desorption of ethylene following acetylene and hydrogen coadsorption on Ru(001). The
C.Dy (99 atom % deuterated) was also obtained from MSD Isotopes, and its purity was verified via

mass spectrometry.

Gas exposures were effected by backfilling the UHV chambers through leak valves. The stainless
steel vacuum lines leading io the leak valves were flushed several times with the relevant gas prior to
the introduction of the gas into the UHV chamber. All reported exposures were measured with a
Bayard-Alpert ionization gauge, uncorrected for relative ionization probabilities. Exposures are reported

in units of Langmuirs, where 1 Langmuir = 1 L = 107 Torr-s.

). Results
A. Thermal Desorption Mass Spectrometry

Thermal desorption mass spectra were measured for acetylene adsorbed at 80 K on the Ru(001)
surface with varying coverages of preadsorbed hydrogen. Similar to acetylene adsorption on the clean
Ru(001) surface (16), where hydrogen is the only thermal desorption product from chemisorbed acet-
ylene, hydrogen is the principal thermal desorption product resulting from chemisorbed acetylene on the
hydrogen precovered surface. There is no desorption, for example, of methane, ethane, benzene or ace-
tylene (other than the desorption of condensed acetylene multilayers at 95 K). However, in contrast to

acetylene adsorption on clean Ru(001), small amounts (<0.01 monolayer) of ethylene are observed to
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desorb following acetylene adsorption on the Ru(001) surface with a sufficient concentration of pread-
sorbed hydrogen. This indicates clearly that chemisorbed acetylene and hydrogen adatoms can react on

Ru(001) under these conditions.
{. Hydrogen Thermal Desorption

Figure 1 shows H, thermal desorption spectra for saturation exposures of both H,(a) and C,H,(b)
on Ru(001) and for a saturation exposure of C,;H, on a Ru(001) surface which had been presaturated
with hydrogen (c). A saturation hydrogen exposure on Ru(001) gives rise to a broad thermal desorption
peak centered at ‘325 K with a shoulder near 380 K, as shown in Fig. 1(a), and corresponds to a hydro-
gen adatom fractional surface coverage of 0.85 (20), ie. 1.39 x 10'* atoms-cm™. The hydrogen
adatoms occupy exclusively threefold hollow sites, and the peak splitting is due to adatom-adatom
interactions (22). As may be seen in Fig. 1(b), a saturation exposure of acetylene on Ru(001) gives rise
to a sharp hydrogen desorption peak centered near 375 K, with a less intense and very broad feature
between approximately 480 and 800 K that displays three weak maxima. The saturation fractional cov-
erage of acetylene adsorbed on clean Ru(001) is 0.25 £ 0.03, as judged by the H, thermal desorption
spectra. (Recall that only H, is observed to desorb from the Ru(001) surface on which acetylene is

adsorbed.)

Comparison of spectra (b) and (c) of Fig. 1 shows that the principal H, desorption peak is some-
what sharpened and downshifted by approximately 35 X, from 375 to 340 K, when the Ru(001) surface
is presaturated with hydrogen. This peak corresponds to ethylidyne decomposition, which on the hydro-
gen precovered surface occurs at a slightly lower temperature than on the clean surface (see Sect. IILB).
On the clean surface, the peak at 375 K also involves a small contribution from hydrogen adatoms that
are formed when acetylene decomposes to acetylide, and that do not react further to form ethylidyne.
On the hydrogen precovered surface, the peak at 340 XK also involves substantial amounts of pread-
sorbed hydrogen adatoms. Clearly visible on both sides of the 340 K peak in Fig. 1(c) are shoulders
that are characteristic of hydrogen desorption from the clean surface, and that result from the recom-
binative desorption of hydrogen adatoms that are not influenced significantly by the presence of coad-

sorbed hydrocarbon species. The leading edge of Fig. 1(c) is downshifted slightly relative to that of
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Fig. 1(a) due to the increased hydrogen adatom density in the former case.

Between 480 and 800 K, the H, thermal desorption spectra for both acetylene and acetylene with
preadsorbed hydrogen show very broad peaks of low intensity. Since the desorption of hydrogen from
the clean Ru(001) surface is complete below 500 K, these features clearly result from reaction-limited
hydrogen desorption due to the decomposition of a surface hydrocarbon species. Our previous EELS
results for acetylene decomposition on Ru(001) have shown that methylidyne is the only hydrocarbon
species present on the surface above 400 K (16). Consequently, hydrogen desorption above 480 K is
necessarily due to methylidyne decomposition for acetylene adsorption on Ru(001). The fact that three
desorption maxima are observed above 480 K for saturation acetylene coverages (only one maximum is
observed for low coverages), and the broad iemperature range for methylidyne decomposition results
from variations in the local coverage of carbon and methylidyne. Similarly, EEL spectra for coad-
sorbed hydrogen and acetylene on Ru(001) demonstrate that methylidyne is the only hydrocarbon
species on the surface above 400 K. Therefore, in this case also, hydrogen desorption above 480 X is
due to methylidyne decomposition. The amounts of hydrogen that desorb between 480 and 800 X indi-
cate that approximately 0.13 monolayer of methylidyne is formed for a saturation exposure of acetylene
on clean Ru(001), while only about 0.04 monolayer of methylidyne is formed following a saturation
exposure of acetylene on the hydrogen presaturated Ru(001) surface. The hydrogen thermal desorption
peaks from the decomposition of methylidyne occur at somewhat lower temperatures for acetylene
coadsorbed with hydrogen, similar to the case of lower acetylene coverages on the clean surface (16).
The higher desorption temperatures on the initially clean surface are probably due to a stabilization of
methylidyne by the higher concentration of coadsorbed carbon adatoms, which block surface sites that
are necessary for carbon-hydrogen bond cleavage and also hinder hydrogen-hydrogen
recombination. The lower concentration of carbon adatoms in the case of coadsorbed acetylene and
hydrogen is a consequence of the fact that preadsorbed hydrogen partially inhibits the adsorption of

acetylene on Ru(001).

By comparison to the amount of hydrogen that desorbs following a saturation exposure of H, on

Ru(001), the amount of acetylene that adsorbs and decomposes to yield (eventually) H,(g) and surface
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carbon on the hydrogen presaturated Ru(001) surface is estimated to be approximately 0.10 monolayer.
To obtain this estimate, time-integrated TDM spectra corresponding to Fig. 1(a) are subtracted from
similarly time-integrated TDM spectra corresponding to Fig. 1(c), with no peak deconvolution required.
Since the only other desorption product resulting from acetylene adsorption on hydrogen presaturated
Ru(001) is 0.01 monolayer of ethylene (see Sect. ITl.A.2), this indicates that approximately 0.11 mono-
layer of acetylene is chemisorbed on this surface. Thus, the presence of 0.85 monolayer of hydrogen
adatoms on the Ru(001) surface inhibits‘ acetylene chemisorption substantially, reducing the saturation

acetylene coverage by approximately 60%.

Figure 2 shows H,, HD and D, thermal desorption spectra from a Ru(001) surface, which has
been exposed to 1 L of H, followed by a subsaturation exposure of 1 L of C;D, at 80 K. A 1 L hydro-
gen exposure corresponds to 0.57 £ 0.05 monolayer of hydrogen adatoms, and the amount of C,D, that
adsorbs is approximately 0.11 ménolayen The equivalent coverages of the various hydrogen isotopes
that desorb are approximately 0.22 monolayer of Hj, 0.12 monolayer of HD and 0.05 monolayer of D,.
Thus, the isotopic mixing of hydrogen and deuterium is not complete; a purely statistical distribution
would be 0.21 monolayer of H,, 0.16 monolayer of HD and 0.03 monolayer of D,. Several aspects
of these thermal desorption spectra are noteworthy. The first is that no D, and only a trivial amount of
HD desorb below 230 K, the temperature at which acetylene decomposition begins on both the clean
and the hydrogen precovered Ru(001) surfaces. This indicates that virtually no H/D exchange occurs
between the coadsorbed hydrogen adatoms and chemisorbed acetylene. Thus, the reaction

DCCD(a) + H(a) — HCCD(a) + D(a)
is not facile on this surface. Second, small amounts of both H, and HD are desorbed between 480 and
600 K, indicating the decomposition of a CH methylidyne species. Thus, a small amount (~0.01-0.02
monolayer) of the preadsorbed hydrogen adatoms have reacted with a hydrocarbon species below 480 K
to become incorporated into the hydrocarbon adlayer and form eventually CH. It is also worth noting
that methylidyne decomposition is complete below 700 K, consistent with the initial acetylene coverage

of 0.11 monolayer.

2. Ethylene Thermal Desorption
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Ethylene desorption following the coadsorption of hydrogen and acetylene on Ru(001) at 80 K
was studied wusing four combinations of hydrogen and acetylene isotopes, namely,
H; + CHy, Hy + C,Dy, Dy + CHy, and Dy + C,D,.  Of these various combinations, H, + C,D, and
D, + C,H; are the most useful since the presence of different hydrogen isotopes, in principle, allows
different isotopes of ethylene to be desorbed. Consequently, the isotopes of ethylene that are
observed to desorb provide mechanistic insight into the surface reaction (provided that desorption
occurs at a temperature below which H/D exchange between adsorbed hydrogen and the adsorbed
hydrocarbons is not important). The coadsorption of H, and C,H, is the least useful for monitoring
ethylene desorption, since any desorbed ethylene occurs at 28 amu (C,H,), and the presence of carbon
monoxide (also at 28 amu) in the chamber background leads to a large, sloping background in the mass

28 thermal desorption spectra. This makes the detection of small amounts of C,H, difficult.

Thermal desorption spectra of ethylene-d, (C,H,D,) following the coadsorption of H, and C,D,
on Ru(001) at 80 K are shown in Fig. 3(a)-(e). The surface was exposed to various fluxes of hydrogen,
as indicated, and then saturated with C,D,. The initial hydrogen coverages were calculated by compar-
ing the amount of hydrogen desorbed following a given exposure on the clean Ru(001) surface to the
amouni desorbed following a saturation exposure on Ru(001). The C,D, thermal desorption spectrum
resulting from a saturation exposure of perdeuteroethylene on Ru(001) is shown in Fig. 3(f). Ethylene-
d, is desorbed following H, and C,D, coadsorption only for 8y > 0.6. The peak desorption temperature
of 175 £ 5 K is in excellent agreement with thermal desorption data for ethylene adsorbed on Ru(001)
[cf. Fig. 3(f) and Ref. 19], and the observations that the desorption peak temperature does not shift with
increasing hydrogen adatom coverage and occurs at nearly the same temperature as ethylene desorption
following ethylene adsorption on Ru(001) (19) suggest that this is a desorption-limited reaction with
first-order desorption kinetics. Assuming a constant preexponential factor of the desorption rate
coefficient of 10'* 5™, an activation energy of desorption of approximately 10-11 kcal/mol is estimated

(29).

Comparison to the thermal desorption spectrum for a saturation exposure of chemisorbed C,D, on

Ru(001), where approximately 0.06 monolayer of ethylene desorbs molecularly at 180 K, allows the
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coverages of ethylene-d, that a.fe desorbed to be estimated for various hydrogen precoverages (to within
approximately a factor of two). For fractional hydrogen precoverages of 0.6, 0.75 and 0.85, approxi-
mately 0.002, 0.005 and 0.01 monolayer of C,H,D, are desorbed, respectively. Since approximately
0.10 monolayer of acetylene adsorbs and decomposes on Ru(001), which is presaturated with hydrogen,
this indicates that approximately 9% of the chemisorbed acetylene is hydrogenated on this surface and

desorbs as ethylene,

Ethylene-d, (at 30 amu) is the only isotope of ethylene that desorbs from Ru(001), following the
coadsorption of H, and C,D4. No detectable desorption (i.e. <0.001 monolayer) is observed at 31 amu
(CHI4) or at 32 amu (C,Dy), and only a very weak feature is observed at 29 amu, which is due to the
C,HD, cracking fragment of ethylene-d,, rather than ethylene-d; (C,HsD). Thermal desorption spectra
of coadsorbed D, and C,H; on Ru(001) yield similar results: only ethylene-d, is observed as a desorp-
tion product. Thus, it is clear that the ethylene desorption at 175 K results from the reaction of chem-
isorbed molecular acetylene with two preadsorbed hydrogen adatoms, and that the sequential addition of

the two hydrogen atoms is irreversible.
B. Electron Energy Loss Spectroscopy

As noted in Sect. I, hydrogen adsorption on Ru(001) has been investigated previously with EELS
(21-22). The observed loss features near 800 and 1150 cm™, due to the presence of hydrogen adatoms
in threefold hollow sites, are extremely weak and are obscured by various hydrocarbon modes when
either coadsorbed ethylene or acetylene is present (16,19). The molecular chemisorption of acetylene
on clean Ru(001) below 230 K produces a very nearly sp® hybridized species, which is characterized by
the following loss features in the case of C;H, (C,D;): ruthenium-carbon stretching modes at 375 (350)
and 520 cm™ (not resolved for C,D,); CH (CD) bending modes at 765 (565) and 980 (715) cm™; a
carbon-carbon stretching mode at 1135 (1085) cm™; and a CH (CD) stretching mode at 2940 (2210)
cm™ (16). The spectra in Fig. 4 also show loss features due to small amounts (<0.01 monolayer) of
CO adsorbed from the chamber background. It has been found previously that these small and varying
amounts of CO do not affect the EEL spectra of chemisorbed acetylene or its decomposition products

(16). The EEL spectra for saturation exposures of C;H, and C,D; on Ru(001), corresponding to
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approximately 0.25 monolayer of chemisorbed acetylene, are shown in Fig. 4(a) and (b).

Also shown in Fig. 4 are EEL spectra of C,H, adsorbed on a hydrogen presaturated Ru(001) sur-
face (c), and of C,D, adsorbed on a deuterium presaturated Ru(001) surface (d). The major difference
between these spectra and those of Fig. 4(a) and (b) is the appearance of a new vibrational mode, which
occurs at 1440 cm™ for coadsorbed H, and C,H, and at 1175 cm™ for coadsorbed D, and C,D,. The
frequency of this mode is in the range characteristic of a CH, (CD,) scissoring vibration, and the
observed frequency shift upon deuterium substitution [S(CH,)/&CD,) = 1.23] confirms this assignment.
This indicates that a new surface species has been formed containing a CH, group, which is in agree-
ment with our TDMS results, showing ethylene desorption at 175 K. However, the EEL spectra of Fig.
4(c) and (d) are not due to chemisorbed ethylene (or a combination of chemisorbed ethylene and acet-
ylene), as judged by a comparison with previous studies of ethylene adsorption on Ru(001) (18,19).
The CH, scissoring mode is thus assigned to an n?~CHCH, species, the logical intermediate in the
hydrogenation of acetylene to ethylene. (The m? designation indicates that both carbon atoms of the
CHCH, species are bonded directly to the surface but does not imply nearly equal metal-carbon bond
lengths or anything else regarding the structure of CHCH,.) An v!-CHCH, species containing a
carbon-carbon double bond (vinyl) is ruled out due to the lack of a carbon-carbon stretching mode
above 1500 cm™. Other CH,-containing species such as n*~CCH, or CH, (methylene), which require
the breaking of carbon-hydrogen or carbon-carbon bonds of acetylene in order to be formed, are
excluded in view of the observed lack of H/D exchange below 230 K, the fact that CH bonds of chem-
isorbed acetylene are not broken below 230 K on clean Ru(001), and the observed lack of carbon-

carbon bond cleavage below 340 K.

Since the modes characteristic of chemisorbed acetylene are still present in Fig. 4(c) and (d), the
surface contains a mixture of chemisorbed acetylene and n*~CHCH, after annealing to 150 K. This
observation is in agreement with previous results for hydrogen and acetylene coadsorption on the
stepped Ni[5(111)x(110)] surface, where the appearance of a 8(CH,) mode at 150 K was taken as evi-
dence for the formation of a mixed overlayer of CHCH, and chemisorbed acetylene (4). The

n°-CHCH, should also give rise to CH, wagging, twisting and rocking modes, which would be
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’expected, respectively, near 1150, 900 and 775 cm™, based on a comparison to chemisorbed ethylene
on Ru(001) (19). These modes are not resolved due to overlap with various modes of chemisorbed
acetylene (or, in some cases, perhaps because they are intrinsically weak). However, spectra (c) and (d)
of Fig. 4 do exhibit slight changes in the frequencies and relative intensities of some modes compared
to spectra (a) and (b), and these differences are no doubt due at least partially to the presence of addi-
tional modes of 1*~CHCH, that are not well resolved. This may also very well be the reason for the

relatively poorer resolution in the 750-1150 cm™ region of spectrum (c), compared to spectrum (a).

Further hydrogention of n~CHCH, and desorption of ethylene occurs between 150 and 250 K, as
indicated by the thermal desorption results of Fig. 3. EEL spectra show that a small amount of
1>-CHCHj is present on the surface at 200 K, but that it is completely gone by 250 K. Molecularly
chemisorbed acetylene decomposes near 230 K, as on the clean surface, and the surface species present
from 250 to 340 K are acetylide- (which is stable. to nearly 400 K) and ethylidyne, as in the case of
acetylene adsorbed on clean Ru(001) (16). The acetylide is characterized primarily by a strong CH
bending mode at 750 cm™, while ethylidyne is characterized by modes of nearly equal intensity at 1140
[v(CC)] and 1360 [8(CH3)] cm™. The decomposition of acetylene on the hydrogen presaturated
Ru(001) surface differs, however, from the decomposition of acetylene on clean Ru(001) in that the
ratio of ethylidyne to acetylide is increased on the hydrogen presaturated surface. On the clean surface,
there is slightly more acetylide than ethylidyne (as judged from both EELS and TDMS), while on the
hydrogen precovered surface, the ratio of ethylidyne to acetylide is approximately 3:2, as estimated
from EEL spectra, which are virtually identical to those resulting from ethylene decomposition for
saturation ethylene coverages on clean Ru(001) (19). In addition, the ethylidyne decomposes at a
slightly lower temperature on the hydrogen precovered surface, where EELS features due to this species
have disappeared by 350 K. On the other hand, some ethylidyne is stable to at least 360 K when ace-

tylene decomposes on the clean Ru(001) surface.

When C,H, (C,D,) is adsorbed on Ru(001) and the surface is annealed between 400 and 700 K, a
methylidyne species is formed that is characterized by the following vibrational modes: a ruthenium-

carbon stretch at 440 (415) cm™!, a CH (CD) bend at 800 (615) cm™, and a CH (CD) stretch at 3010
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(2255) cm™. Whep C,H, is adsorbed on a hydrogen presaturated Ru(001) surface and the surface is
annealed to these same temperatures, the same CH species is formed in smaller concentrations, as dis-
cussed in Sect. IIILA.1. The coadsorption of H, and C,D, or D, and C,H,, followed by annealing to
over 400 K, leads to the production of both hydrogenated (CH) and deuterated (CD) methylidyne on
Ru(001), although CD predominates in the former case and CH in the latter. This mixing of hydrogen
isotopes in the methylidyne is in agreement with our thermal desorption results, and provides unequivo-
cal evidence for the incorporation of preadsorbed hydrogen into the hydrocarbon adlayer. The mechan-
isms of the incorporation of preadsorbed hydrogen into various hydrocarbon species will be discussed in

a subsequent publication (30).

1V. Discussion

All the TDMS and EELS results reported here are consistent with the partial hydrogenation of
acetylene on a hydrogen presaturated Ru(001) surface to produce low concentrations of a CHCH,
species and ethylene. The CHCH, is a stable intermediate in the synthesis of ethylene, and the ethylene
formed desorbs near 175-180 K, as does ethylene that desorbs following ethylene adsorption. Further-
more, the data prove that the formation of both CHCH, and ethylene results from the reaction of pread-
sorbed hydrogen with chemisorbed acetylene, not from a disproportionation reaction involving hydrogen
adatoms that originate from acetylene decomposition. (This is not surprising since neither CHCH, nor
ethylene is observed via EELS or TDMS in the absence of preadsorbed hydrogen, and because chem-
isorbed acetylene is stable on the clean surface to 230 K.) Acetylene that is not hydrogenated to
ethylene decomposes to acetylide and ethylidyne near 230 K as on the clean Ru(001) surface, although
the ratio of ethylidyne to acetylide is increased. The data also indicate that H/D exchange does not
occur to an appreciable extent between chemisorbed acetylene and preadsorbed hydrogen on this sur-
face, but that such exchange does occur for at least one of the decomposition products of acetylene.
The formation of detectable amounts of ethylene that desorb below 200 K after hydrogen and acetylene
coadsorption on Ru(001) under UHV conditions is significant in view of the lack of precedent for this

reaction on other metal surfaces.
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Coadsorbed hydrogen and acetylene react near room temperature to form ethylidyne on the
Pt(111) (9), Pd(111) (6,7) and Rh(111) (10) surfaces. Ethylidyne is also produced, along with acetylide,
as a decomposition product of acetylene on both Pd(111) (7) and Ru(001) (16). The reactions of
coadsorbed acetylene and hydrogen below 200-250 K, however, have received somewhat less attention.
On Ni(111), coadsorbed hydrogen and acetylene do not react below 250 K (4). Experiments performed
on Py(111) are somewhat inconclusive. A recent TDMS study has reported ethylene desorption at 250
K following H, and C,H, coadsorption on this surface (31), whereas a previous EELS study reported
that coadsorbed hydrogen and acetylene do not react on Pt(111) below 280 K, at which temperature

ethylidyne is formed (9).

Hydrogenation of acetylene to CHCH, has been observed with EELS, however, for coadsorbed
hydrogen and acetylene at 150 K on the stepped Ni[5(111)x(110)] surface (4). Adsorption of acetylene
on this hydrogen presaturated surface produces a mixture of chemisorbed molecular acetylene and a
CHCH, species similar to the case of Ru(001), as discussed in Sect. II.LB. The ruthenium and nickel
surfaces differ markedly, however, in the extent of H/D exchange observed between the adsorbed
hydrocarbon species and the preadsorbed hydrogen at low surface temperatures. While little exchange
occurs on Ru(001) below 230 K, exchange is facile on Ni[5(111)x(110)] at 150 K. This difference may
be correlated with the ability of the two surfaces to dehydrogenate acetylene. On the clean nickel sur-
face, acetylene has been found to dehydrogenate partially even at 150 K (4), while chemisorbed acet-
ylene is stable to 230 K on Ru(001). Unfortunately, no thermal desorption data are available for the
nickel surface, so it is not known whether any ethylene is formed and desorbed from this surface.
Given the dehydrogenation ability of this nickel surface, however, ethylene desorption would seem to

be unlikely.

Although it is apparent that the ethylene formed from acetylene hydrogenation on Ru(001) is pro-
duced via a CHCH, intermediate, the bonding and hybridization of this intermediate are less obvious.
Since only the 8(CH,) mode of the CHCH, is distinguished clearly from the modes of coadsorbed
molecular acetylene in the EEL spectra, conclusions concerning the hybridization of the carbon atoms

in CHCH, are not easily drawn. The CHCH, species formed on Ni[5(111)x(110)] was assigned, on the
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basis of a CH, stretching mode at 3050 cm™, as being sp” hybridized, although no v(C=C) mode was
identified (4). A CHCH, ligand has been identified in the organometallic complex
Os3(CHCH)(HXCO),, which is o-bonded to one osmium atom with a n-bond to a second osmium
atom (32). The carbon atoms of the CHCH, ligand are intermediate between sp® and sp® hybridization
with strongly coupled v(CC) and 8(CH,) modes at 1310 and 1476 cm™. Although these precedents
might suggest a CHCH, species with at least some double bond character, we believe that the CHCH,
species formed on Ru(001) is more nearly sp® hybridized. The lack of any carbon-hydrogen stretching
mode above 3000 cm™ or any carbon-carbon stretching mode above 1200 cm™ is suggestive of sp’
hybridization, although this is not conclusive because these modes could be too weak to be detected.
More significantly, both chemisorbed acetylene and ethylene on Ru(001) are essentially sp® hybridized,
and since CHCH, is an intermediate in the conversion of acetylene to ethylene, it would be expected to
have a similar structure. Such an n?-CHCH, species would have both carbon atoms bonded directly to
the surface, with the carbon-carbon bond either. parallel or (more likely) slightly skewed with respect to

the surface plane.

As stated previously, the decomposition products of chemisorbed acetylene are the same on the
hydrogen presaturated Ru(001) surface as on the clean surface, namely, ethylidyne and acetylide. As
would be expected, the presence of surface hydrogen shifts the ratio of these two decomposition prod-
ucts toward more ethylidyne, the product that contains more hydrogen atoms. This is evident both in
EEL spectra measured after annealing to 250-300 K, and in the TDM spectra, which show a smaller
amount of methylidyne [which forms primarily (or exclusively) from acetylide, rather than ethylidyne,
decomposition (16,19)] decomposing on the hydrogen precovered surface. Another difference between
the clean and hydrogen presaturated surfaces is the slightly higher decomposition temperature of ethyli-
dyne on the clean surface, which is evident in both EEL and TDM spectra. This is due to the lower

concentration of hydrocarbon species on the hydrogen presaturated surface.

V. Conclusions

The adsorption of acetylene on Ru(001) with preadsorbed hydrogen has been studied using high'

resolution electron energy loss spectroscopy and thermal desorption mass spectrometry. The principal
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conclusions of this work may be summarized as follows:

L.

The dissociative adsorption of hydrogen on Ru(001) inhibits the subsequent adsorption of acet-
ylene. The reduction in the saturation coverage of acetylene is approximately 60% if the surface
is saturated with hydrogen (from 0.25 monolayer on the initially clean surface to 0.11 monolayer

on the hydrogen presaturated surface with 8y = 0.85).

Hydrogen thermal desorption spectra following the adsorption of acetylene on the hydrogen
presaturated Ru(001) surface show features that are characteristic of hydrogen and acetylene
adsorbed separately, although the major H, desorption peak resulting from acetylene decomposi-
tion is downshifted by 35 K from 375 10 340 K. This is the result of a slightly lower decomposi-
tion temperature for ethylidyne (one of the two major decomposition products of acetylene) on

the hydrogen presaturated surface.

Thermal desorption spectra of H,, HDD and D, from coadsorbed H, and C,D, on Ru(001) indicate
that some of the preadsorbed hydrogen is incorporated into surface hydrocarbon species, since
both H; and HD are observed to desorb well above the temperature at which they desorb follow-
ing adsorption on either the clean Ru(001) surface or the Ru(001) surface with various coverages
of carbon adatoms. Electron energy loss spectra show that the stable hydrocarbon species leading
to H, and HD desorption above 480 K is methylidyne. No D, and only a trivial amount of HD
desorb from the surface below 230 K where acetylene decomposition begins, indicating that H/D
exchange between chemisorbed acetylene and preadsorbed hydrogen is not facile. Thus, hydro-
gen is incorporated into surface hydrocarbon species by H/D exchange between preadsorbed

hydrogen and one or more of the decomposition products of acetylene.

Following saturation acetylene exposures on hydrogen presaturated Ru(001), approximately 0.01
monolayer of ethylene desorbs from the surface at 175 K. Thus, ethylene desorption accounts for
approximately 9% of the chemisorbed acetylene under these conditions. Furthermore, the coad-
sorption of Hy, and C,D, shows that the desorbed ethylene consists entirely of mass 30, i.e.
CHDCHD, implying that ethylene formation results from the reaction of two preadsorbed hydro-

gen adatoms with molecularly chemisorbed acetylene. Ethylene formation and desorption are
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observed only if the initial surface coverage of hydrogen adatoms exceeds approximately 70% of
saturation (about 0.6 monolayer). No other hydrocarbons desorb from Ru(001) following hydro-

gen and acetylene coadsorption at 80 K (except for condensed multilayers of acetylene).

5. Electron energy loss spectra show that at 150 K the hydrocarbon adphase is a mixture of molecu-
larly chemisorbed acetylene and a CH,-containing species that is inferred to be CHCH, (for H,
and C,;H, coadsorption). In addition to the ethylene desorption at 175 K, annealing the surface to
230 K causes the decomposition of chemisorbed acetylene. The two decomposition products,
ethylidyne and acetylide, are the same as in the case of acetylene decomposition on the initially

clean surface, although the ratio of ethylidyne to acetylide is increased.
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Figure Captions

Figure 1.

Figure 2.

Figure 3.

Figure 4.

The H, thermal desorption spectra resulting after the Ru(001) surface at 80 K is exposed to
(a) 10 L H,, (b) 5 L C,H, and (c) 10 L H, followed by § L C,H,. Note that the baseline is
not identical for the three cases, and that the abscissa are nonlinear. The abbreviation a.u.

denotes arbitrary units.

Thermal desorption spectra resulting after the Ru(001) surface at 80 K are exposed to 1 L
H,, followed by 1 L C,D,: (a) H,, (b) HD and (c) D,. Dashed lines are approximate base-

lines for the three spectra.

Thermal desorption spectra of CHDCHD (m = 30 amu) recorded after the Ru(001) surface
at 80 K is exposed to (a) 5 L C;Hy, (b) 0.4 L H, followed by 5 L C,D,, (¢c) 1 L H, fol-
lowed by 5 L C,D,, (d) 1.4 L H, followed by 5 L C;Ds, and (e) 10 L H, followed by S L
C2Dy. In spectra (b)-(e) the initial absolute hydrogen adatom coverages are approximately
0.35, 0.6, 0.75 and 0.85, respectively. Spectrum (f) shows the CD,CD, (m = 32 amu)
desorption that results following a 5 L C;D, exposure at 80 K. The apparent peak just

above 100 K in spectra (a)-(e) is a spectrometer effect and should be ignored. Note that the

abscissa are nonlinear.

The EEL spectra that result when the Ru(001) surface at 80 K is exposed to (a) 5 L C,H,,
{(b) 5 L C;Dy, (c) 10 L H, followed by 5 L C,H,, and (d) 10 L D, followed by 5 L C;D,,
and then annealed to 150 K and recooled to 50 K prior to spectral collection. Spectra (a)
and (b) are characteristic of molecularly chemisorbed acetylene, while spectra (¢) and (d)
show features characteristic both of chemisorbed acetylene and CHCH, (CDCD,). In spec-
tra (¢) and (d), the low frequency metal-carbon modes are not resolved due to the somewhat
poorer cutoff of the elastic peak. The apparent shift of the high frequency metal-carbon
mode in spectrum (c) compared to spectrum (a) is not very reproducible and may also be

due to the poorer elastic peak cutoff.
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Appendix 3

The Adsorption of Formic Acid and the Decomposition of the

Formate Intermediate on the (001) Surface of Ruthenium
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Abstract

The adsorption of formic acid on the clean Ru(001) surface has been studied by electron energy
loss vibrational spectroscopy and thermal desorption mass spectrometry. Large exposures of formic
acid produce a molecular multilayer species with vibrational frequencies similar to those of crystalline
formic acid. Two different formate species (a monodentate and a bidentate formate) and a surface
hydroxyl have been identified as stable intermediates in the decomposition of formic acid on the
Ru(001) surface. The monodentate formate species has a v(C=0) mode at 1345 cm™ and a softened
C-H stretching mode, characteristic of a surface-hydrogen interaction. The monodentate formate
species is completely converted to the bidentate species by heating to 200 K. The bidentate formate
species is believed to bridge two adjacent binding sites. The formic acid decomposition products are
CO,, CO, H,, water and oxygen adatoms. The ratio of desorbed CO with respect to desorbed CO,

increases both with slower heating rate and with lower formate coverages.
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1. Introduction

Among the goals of surface science are the identification and characterization of adsorbed inter-
mediates, which serve to delimit the number of possible reaction mechanisms in catalytic reactions.
The study of adsorbate structure and bonding provides a basis for understanding the role of the catalytic
surface in heterogeneous catalysis. Of particular interest are reactions of molecules containing carbon-
oxygen bonds, since numerous catalytic reactions involve the formation or cleavage of C-O bonds or
the activation of carbon centers bonded to oxygen atoms in elimination, addition or reduction reactions.
For this reason, there has been considerable interest in the interactions of formic acid with metal and
metal oxide surfaces as model systems for carboxylate catalysis (1). A goal of this work has been
determining reaction mechanisms and the factors that influence catalytic specificity for different decom-

position products.

Single crystalline surfaces offer the advantage of having well-defined geometrical structures to
which a wide array of surface-sensitive spectroscopies may be applied. Using a number of these tech-
niques, we have developed a large data base concerning the mechanism and the kinetics of the decom-
position of formic acid. Most metal surfaces fall into two distinct classes with respect to the product
selectivity of formic acid decomposition. On the majority of single crystalline surfaces that have been
studied, including Fe(100) (2), Ni(111) (3), Ni(110) (4), Ni(100) (5) Ru(001) (6) and Ru(100) (7), the
decomposition products are CO,, CO, warer and H,. On Pt(111) (8), Cu(100) (9) and Cu(110) (10),
however, the decomposition products are CO, and H,. Coadsorbates have been found to affect both the
reactivity and selectivity. For example, on the clean Ag(110) surface, formic acid adsorbs molecularly
and desorbs reversibly, but on a surface with presaturated oxygen adatoms (6 = 0.33), dissociative
adsorption occurs with CO,, water and H, desorption (11. The preadsorption of an ordered (V5 x v5)O
adatom on Mo(100) causes formic acid to decompose to CO,, CO, water, CH, and H,, as compared to
the clean Mo(100) surface on which the decomposition products are CO, water and H, (12). The for-
mation of CO on the Ni(110) surface can be completely inhibited by a ordered 4x5 carbide overlayer

(13).

Vibrational spectroscopy of surfaces on which formic acid is adsorbed has been employed on the
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Ag(110)y (11), Al(110) (14), Au(110) (15), Au(111) (15), Cu(110) (16), Cu(100) (9), MoklOO) (12),
Ni(110) (13), Pt(111) (8), P(110) (17) and Ru(001) (16) surfaces, using either electron energy loss
spectroscopy (EELS) or infrared reﬂection-absorptiqn spectroscopy (IRAS). Formate intermediates, usu-
ally symmetrically bound (i.e. bidentate with equivalent oxygen atoms), have been identified on ail
these surfaces. These symmetric formates are characterized by four strong vibrational modes, v(M-O),
3(0CO), v(OCO) and v(CH). On the Cu(100) (9), Mo(100) (12), Pt(110) (17), Ru(001) (6), oxygen-
saturated Ag(110) (11), and Ni(110)-(4x5)C (13) surfaces, the presence of additional dipolar enhanced
vibrational modes, in particular the v,(OCO) mode that is forbidden by the surface selection rule for a
symmetric formate (18), indicates the presence of an asymmetrically bound formate, which may be
either an asymmetric, bidentate formate or a monodentate formate. The v(C-O) and v(C=0) modes of
monodentate formates are located at similar frequencies to the v(OCOQ) and v,(OCO) modes of biden-
tate formates. These asymmetric formates are observed at low temperatures (usually below 200 K),
and heating causes an irreversible change in orientation to a symmetric formate. Two exceptions to this
patiern are Cu(100), where the intensity of the v,(OCO) mode on the annealed surface increases if the
surface is held at 100 K for 10 to 20 minutes, suggesting a reversible change in orientation (9,19), and
Ni(110), where only the symmetric formate is observed on the clean surface and only the asymmetric
formate is observed on the Ni(110)-(4x5)C surface (13). On Pt(110), the bonding configuration has
been assigned as an asymmetric bidentate formate, where a vector through the oxygen atoms is at an
angle of approximately 10° with respect to the plane of the surface (17). All of the other asymmetric

formates appear to be monodentate (8,12)

Determinations of the bonding geometry of the symmetric formate intermediate on the Cu(110)
(20) and Cu(100) (21) surfaces have been made using extended X-ray absorption fine structure
(EXAFS) measurements. Different bonding geometries have been found for this formate on the two
different surfaces. On Cu(100) each formate oxygen resides at a site between four copper surface atoms
(21), while on Cu(110) each oxygen bonds in an "on-top" arrangement above adjacent Cu atoms, with
the plane of the formate parallel to the [110] lattice vector and perpendicular to the surface (20). Ab ini-

tio geometrical optimization calculations for a model of formate on a Ni(001) surface yield a similar
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geometry to that determined by EXAFS for the Cu(100) surface (22). Vibrational spectroscopic com-
parisons of the two different geometrical” bonding configurations on the Cu(100) and Cu(110) surfaces,
as measured by EELS and IRAS, respectively, are limited by the restricted frequency bandwidth of the
latter technique. Thus, only two modes may be contrasted. The v(OCO) mode at 1330 cm™ on
Cu(100) is found at 1350-1360 cm™ on Cu(110) and the V(CH) modes at 2840 and 2910 cm™ on

Cu(100) occur at 2900-2980 cm™ on Cu(110) (9,16).

In this extension of our previous studies of the adsorption of formic acid on the Ru(001) surface
(6), we present EEL spectral assignments for condensed (molecular) formic acid, bidentate and mono-
dentate formate species and the first direct spectroscopic evidence for a surface hydroxyl species on
Ru(001). Thermal desorption mass spectrometry (TDMS) results demonstrate two decomposition path-
ways leading either to CO desorption or to CO, desorption. This study is part of our ongoing investiga-
tions into the interactions of organic carbonyl ligands with the Ru(001) surface. Other reactants that

have been investigated include acetone (23) and formaldehyde (24).

2. Experimental Procedures

The uitrahigh vacuumn system and the EEL spectrometer used for these studies have been
described previously (25). EEL spectra were recorded with a beam energy of approximately 5 eV.
Count rates were typically 1 to 3 x 10° counts per second for the specularly scattered elastic beam,
while maintaining a resolution equal to or better than 80 cm™ (full-width at half-maximum intensity of
the elastically scattered beam). Changes in EEL spectra as a function of temperature were observed by
heating the crystal to various temperatures, followed by immediate cooling before recording the spec-

trum. All EELS measurements were made with the surface at a temperature of approximately 80 K.

Thermal desorption spectra were recorded in a second ultrahigh vacuum system equipped with
Varian low-energy electron diffraction (LEED) optics, a Varian single pass cylindrical mirror Auger
electron spectrometer, and a UTI 100 C quadrupole mass spectrometer. A Digital Equipment Corp.
LSI-11 computer was used to collect TDMS data, and the smoothing procedure of Savitzky and Golay
was used to improve the signal-to-noise ratio (26). Since no ordered superstructures were observed, no

LEED results are presented.
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The Ru(001) surfaces were cleaned chemically by eprsure to O, at pressure of 5 x 107® torr,
while cycling the surface temperature between 300 and 800 K, followed by annealing in vacuum at
1650 K to remove adsorbed oxygen, and with occasional Ar* sputtering cycles (27). Surface cleanliness
was confirmed with Auger spectroscopy, EELS or by thermal desorption of H, and CO. Formic acid
samples, HCOOH (MCB spectroscopic grade), DCOOD (Stohler spectroscopic grade, nominal 99% D,),
HCOOD and DCOOH (Merck spectroscopic grade, nominal 99 D), were given a minimum of three
freeze-thaw-pump cycles for additional purification before use, and gas handling lines were exposed
numerous times to the deuterated formic acid to reduce isotopic exchange. Despite these precautions
there appeared to be significant isotopic exchange of the hydroxyl deuterium with hydrogen prior to the

adsorption of formic acid on the surface.

The Ru(001) surfaces were exposed to formic acid by backfilling the bell jars. Exposures quoted
are not corrected for ionization gauge sensitivities. The mass spectrometer sensitivity was calibrated by
integrating TDMS from saturation coverages of CO and H,. Mass spectrometer sensitivities for other

species, relative to CO, were estimated using information provided by the manufacturer.

3. EELS Identification of Adsorbed Species

Formic acid adsorption on the Ru(001) surface gives rise to several adspecies, which can be
identified by their characteristic EEL features. The species are described below, along with their spec-

tral assignments.
3.1 Molecular Formic Acid

Molecular formic acid is observed by EELS on the Ru(001) surface following exposures greater
than 6 L at 80 K. EELS spectra following greater exposures are similar, but spectra at exposures above
10 L are less well resolved. The HCOOH spectrum shown in Fig. 1(a) is characterized by intense
bands at 720, 940, 1235, 1370 and 1690 cm™, which are assigned as the §(OCO), n(OH), v(C-0),
8(CH), and v(C=0) modes, respectively, of condensed multilayer formic acid. Also present are weaker,
broader bands at 2640 and 2960 cm™!, which can be assigned as O(OH) and O(CH) modes, respectively.

The significantly lowered frequency of the v(OH) mode compared to that in the HCOOH monomer,
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3570 cm™, is a consequence of the extensive hydrogen bonding in crystalline formic acid (28). These

assignments are confirmed by comparison to the DCOOD spectrum in Fig. 1b, where the bands
observed at 970, 1260, and 1680 cm™ are assigned as the 8(CD), v(C-O) and v(C=0) modes, respec-
tively. The most intense band at 690 cm™ is the unresolved sum of the §OCO) and m(OD) modes.
The v(OD) and v(CD) modes shift o 2020 and 2260 cm™, respectively. The small band at 2960 cm™
is assigned as a v(CH) mode from an HCOOH or HCOOD impurity. Evidence is also seen for a broad
v(OH) mode from a DCOOH or HCOOH impurity at approximately 2600 cm™, These energies agree
well with those of crystalline formic acid and less well with those of liquid (dimerized) formic acid (cf.
Table 1). The mode at 230 (220) cm™ in the HCOOH (DCOOD) spectrum is assigned as a frustrated
translational mode of molecules within the condensed lattice. A band at similar frequencies is observed

for crystailine formic acid (28), as well as for condensed formic acid on other metal surfaces (9,11.
3.2 Monodentaie Formate

A monodentate formate species is observed on the Ru(001) surface following submonolayer expo-
sures at 80 K as well as following the desorption of a formic acid multilayer at 170 K. Spectra of sub-
monolayer exposures of HCOOH and DCOOD are shown in Fig. 2. The intense band at 1680 cm™ in
Fig. 2(a) is assigned to the v(C=0) mode; this band cannot be the v,(OCO) mode, which occurs at a
similar frequency for symmetrical bidentate formates (8,9,11-17,29), since this mode would have a
dipole parallel to the surface and thus is forbidden by the surface selection rule (18). The band
observed at 2355 cm™ is the v(CH) mode. The downward shift of this mode by over 500 cm™ from its
usual frequency implies that the hydrogen atom strongly interacts with the Ru(001) surface (18). The
assignment of this mode is confirmed by the deutero-formate spectrum, where this mode shifts to
approximately 1700 cm™ and is obscured by the 1650 cm™ w(C=0) mode. The observation of this
“softened” CH mode has not been reported for any other monodentate surface formate species. These

two modes allow the monodentate formate geometry to be assigned:

o~
i

TS




227
The EELS spectra exhi!;it bands at 370 (365), 775 (775), and 1345 (1315) cm™, which are
assigned as the v(Ru-0), dels(OCO) and nus(OCO) modes for the monodentate HCOO (DCOO) species,
respectively. The 1160 cm™ band in the monodentate HCOO spectrum is assigned as a m(CH) mode.
This mode is obscured in the DCOO spectrum by the dels(OCO) mode. The upward shift of this mode
may be indicative of a hydrogen interaction with the surface. The 1015 cm™! band in the monodentate

DCOO spectrum is assigned as a CD) mode and is obscured in the HCOO spectrum by the v,(OCO)
mode,

The high frequency V(CH) mode at 2935 cm™ is best explained by the presence of a bidentate
formate, discussed further in Sect. 3.3. The assignment of the 610 cm™ peak observed in the monoden-
tate DCOO spectrum will be discussed further in Sect. 3.4. Table 2 contains assignments for both
Ru(001)-formate species, along with those for analogous metal-formate complexes and for formates

adsorbed on other single crystalline metal surfaces.
3.3 Bidentate Formate

Annealing of the surface on the monodentate formate is present to temperatures above 200 K,
leaving a formate species with only four bands at 380, 805, 1360 and 2915 cm™, which are assigned as
the v(Ru-O), dels(OCO), nus(OCO) and v(CH) modes, respectively, of a symmetrically bonded biden-
tate formate species [cf. Figs. 3(a) and 4(a)]. As the surface is heated from 80 K to 200 K, the vibra-
tional bands due to the monodentate formate disappear with little increase in the intensity of the CO
vibrational modes and no CO, production. This indicates that most, if not all, of the monodentate for-

mate converts 0 the bidentate formate, rather than decomposes directly.

Metal complexes of carboxylic acids, particularly acetate complexes, have been studied exten-
sively (29). Two different bonding configurations of symmetrical bidentate formates are known: the
bidentate bridging species, shown below as (a), and the bidentate chelating species, (b).

H H
i |
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While the difference in frequency between the v,(OCO) and the v{(OCO) modes provides the
most conclusive diagnostic for discriminating between these two bonding geometries, the v,(OCO)
mode should not be observed in a symmetric bidentate formate because it does not have a dynamic
dipole perpendicular to the surface. However, by comparison to the v,(OCO) mode in transition metal
formate and acetate species, the bonding geometry can be assigned as bridging bidentate. In group VIII
transition metal acetate complexes, the v(OCO) mode has been reported in the range 1450-1465 cm™
for the chelating configurations contrasting the range of 1410-1440 cm™ for the bridging configurations
(29). However, the v{(OCO) mode of the the "free" (solvated) acetate ion at 1416 cm™ is very close to
that of the bridging configuration acetate ligand. By analogy to the acetate results, the v,(OCO) mode
at 1360 cm™ in the bidentate surface formate closely correlates with the same mode in transition metal

bridging formate complexes at approximately 1370 cm™ and in the "free" formate ion at 1351 cm™ (cf.

Table 2).
3.4 Surface Hydroxyl

The weak band observed in the both the monodentate and the bidentate formate EEL spectra from
DCOOD at 610 cm™ [cf. Figs. 2(b) and 4] cannot be assigned to either of these two species because no
normal vibrational mode of either of these species corresponds to this frequency, and because its inten-
sity correlates with neither species. It is observed in all DCOOD EELS spectra taken at temperatures up
to 250 K, well above the conversion temperature for the monodentate formate, but it disappears by 300
K, while the bidentate formate modes remain strong. While water has been observed to desorb follow-
ing formic acid exposures with a desorption maximum at 275 K (6), this mode cannot be due to
adsorbed D,0, which has been observed to have a frustrated rotational (librational) mode at 520 cm™ at
low coverages, increasing to 620 cm™ at monolayer coverage, because submonolayer coverages of
water desorb completely from the Ru(001) surface by 220 K (30). This mode at 610 cm™ is assigned
as a (Ru-OD) mode from a small concentration of surface-hydroxyl (OD) groups, which are produced
along with CO by low temperature formate decomposition. The presence of this hydroxyl species has
not been observed spectroscopically heretoforé on the Ru(001) surface, but it has been reported on the

Pd(100) (31,32), Ag(110) (33 and Pt(111) (34) surfaces with 3M-OH) frequencies in the range between
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u670 and 1015 cm™ [490 and 750 cm™ for 8(M-OD)]. This assignment cannot be confirmed by com-
parison to HCOOH spectra, because the 8(Ru-OH) mode is obscured by the strong dels¢(OCO) mode at
775-805 cm™. The intensity of the v(OH) mode for surface hydroxyl, which has been reported between
3200 and 3500 cm™ [v(OD), between 2400 and 2600 cm™], is considerably less intense than the §(M-
OH) mode and would not be expected to be observed in these spectra, where the fractional coverage of
surface OH is estimated to be on the order of 5%. The frustrated translational mode, v(M-OH), which
has been reported between 280 and 460 cm™, is obscured by the strong v(Ru-O) formate mode at 380

cm™L,

3.5 Formate Decomposition Products

As may have been seen in Figs. 2-4, there is spectroscopic conformation of two other adsorbed
products of formate decomposition, CO and oxygen adatoms. Loss features from low concentrations of
CO, v(Ru-CO) at approximately 460 cm™ and v(CO) at approximately 2000 cm™, appear in all spectra
measured immediately following adsorption and increase in intensity as the surface is annealed. There is
some formate decomposition below 200 K, as judged by the small increase in the intensity of the v(CO)
mode of CO, and the 8(Ru-OD) of surface-hydroxyl (OD), prompting speculation that the small amount
of low temperature decomposition of formate to CO and OH takes place at defect sites. The weak Ru-
O stretching mode at 540 cm™ from oxygen adatoms produced by formate decomposition is obscured
by the v(Ru-CO) mode of adsorbed CO, but it can be seen clearly at temperatures above those where

CO desorbs [cf. Fig. 3(d)].

At temperatures above 300 K, formate continues to decompose, yielding CO, as evidenced by the
increased intensity of the CO modes, yet no surface hydroxyl is observed by EELS above 300 K, nor is
water observed as a decomposition product. Thus, at temperatures above 300 K, either the hydroxyl
species quickly decomposes to O and H adatoms, or above 300 K another mechanism allows formate to
decompose forming the CO, O and H adspecies directly, without the hydroxyl intermediate. These two

mechanisms cannot be discerned on the basis of evidence presented in this study.
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4. Thermal Desorption Mass Spectrometry Results

Six species, molecular formic acid, CO2, CO, water, O, and H,, desorb from the Ru(001) surface
following formic acid adsorption and heating of the surface. The thermal desorption spectra of molecu-
lar formic acid, COZ2, CO, isotopes of hydrogen, and water are presented in Figs. 5, 6, 7, 9, and 10,
respectively. Interpretations of these thermal desorption spectra are discussed in Sects. 4.1 through 4.5.
The oxygen adatoms observed by EELS desorb as O, at approximately 1500 K. No attempt was made

to record TDMS in this temperature range.
4.1 Formic Acid Desorption

Figure 5 exhibits desorption of molecular formic acid for several formic acid exposures. At an
exposure of 5 L [cf. Fig. 5(c)], formic acid desorbs molecularly with a peak at approximately 200 K.
With exposures in excess of 10 L, an additional lower temperature peak develops at 170 K, which does
not saturate, due to multilayer (condensed) formic acid, as shown in Fig. 5(d). The 200 K feature is
attributed to adsorption of a nondissociated layer of formic acid above the first layer of formate
adsorbed on the Ru surface. This second layer comprised of molecular formic acid has a higher bind-
ing energy than condensed formic acid multilayers. The 200 K feature cannot be attributed to adsorbed
formate recombining with surface hydrogen to yield formic acid. The peak does not shift with tempera-
ture as would accompany second-order desorption. There is no evidence for the recombination of sur-
face formate with hydrogen adatoms; if a surface with adsorbed formate is heated to 200 K to desorb
all molecular formic acid and then is cooled and exposed to H, no further molecular formic acid

desorption is observed.

There is no molecular desorption of formic acid above 200 K. The tentative suggestion of formic
acid desorption between 300 and 350 K (6) has been shown to be due to an overlap with significant
desorption of CO, for the mass spectrometric resolution employed previously.

4.2 CO, Desorption

There is a negligible amount of CO, desorption following a formic acid exposure of 0.4 L, which
corresponds to a formate coverage of 10% of the saturation formate coverage [cf. 6(a)], as estimated

from the TDMS of CO and CO2. At higher formate coverages, a CO, desorption feature appears at
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310 K, and the desorption peak shifts to higher temperatures with increasing coverage, reaching 365 K
for a saturation formate coverage (cf. Fig. 6). This desorption of CO, is "reaction-limited" since it has

been demonstrated that CO, does not adsorb on Ru(001) at temperatures above 77 K (35).

The presence of both CO and CO2 as decomposition products from surface formate demonstrates
the existence of two decomposition pathways, since the probability of the reaction CO(a) + O(a)

— CO, is less than 107> at temperatures below 400 K (35-37).

4.3 CO Desorption

The decomposition of the surface formate also yields adsorbed CO and hydroxyl fragments or
hydrogen and oxygen adatoms, as discussed previously. While the onset of formate decomposition to
CO is observed by EELS at temperatures below 200 K, all CO extrusion from the surface is
"desorption-limited” (cf. Fig. 7) (38). Thus, no kinetic information concerning the decomposition of

formate to CO may be derived from these thermal desorption spectra.

Integration of the thermal desorption peaks of CO and CO, establishes the saturation formate cov-
erage to be 0.28 + 0.04 monolayer (0.28 formate adspecies per surface Ru adatom). Two interesting
effects are noted in the branching ratio, the relative amounts of desorbing CO and CO,. Figure 8(a)
shows the amounts of formate that decompose to yield CO and CO,, relative to the saturation formate
coverage, as well as the ratio of desorbed CO to CO,. As noted previously, the onset of CO, desorption
is at approximately 10% of saturation coverage. The CO desorption feature saturates well before the
CO2 desorption feature saturates. In contrast, for formic acid decomposition on Ru(100), the branching
ratio is independent of coverage (7). The branching ratio on Ru(001) is also influenced by the heating
rate. Figure 8(b) shows the ratio of CO to CO, as a function of heating rate for a formate surface at
approximately 40% of saturation coverage. The relative amount of CO, is minimized by reducing the
heating rate. If the Ru surface is precovered with formate at 40% of the saturation coverage and is then

annealed at 240 K for 5 minutes prior to the commencement of TDMS, the amount of CO, is decreased

by a factor of five,

The change in branching ratio with coverage is explained by an increase in the activation barrier

for the the CO decomposition reaction due to accumulation of product oxygen adatoms. Precoverage of
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the surface with oxygen adatoms also lowers the ratio of CO to CO, (39). The change in branching
ratio is consistent with the CO reaction having a lower preexponential factor than the CO2 decomposi-

tion reaction.
4.4 Hydrogen Desorption

Hydrogen adatoms may be produced from three different reactions:

HCOOH(a) —» HCOO(a) + H(a) , (A)
HCOO(a) — CO(a) + H(a) + Ofa), (B)

and
HCOO(a) — CO,(g) + H(a) . (o))

Deuterium-labeled formic acid, DCOOH, was used in the thermal desorption measurements so that
"hydrogen” from the dehydrogenation reaction (A) could be distinguished from that resulting from the

formate decomposition reactions (B) and (C).

Thermal desorption spectra of H,, HD and D, from DCOOH are shown in Figs. 9(A), 9(B) and
9(C), respectively. The poor signal-to-noise ratio seen for the D2 thermal desorption spectra compared
to the H, and HD spectra results because the the mass spectrometer has a sensitivity of approximately

25% for D, with respect to H,.

As demonstrated by the EELS results presented in Sect. 3.2, all adsorbed DCOOH decomposes
below 2007 K via reaction (A) to form adsorbed formate and H adatoms. These H adatoms combine to
produce desorption-limited H, [cf. Fig 9(A)]. At formate coverages of approximately 10% of satura-
tion, the peak for H, desorption is at 410 K, but shifts to lower temperature with increasing formate
coverage. At saturation formate coverage, the desorption-limited peak shifts to 310 K and a second,
reaction-limited peak is seen at 350 K, as the desorption-limited peak shifts to lower temperatures. The
reaction-limited peak is 10 to 20 K below the CO, desorption peak temperature. The second peak
correlates with the CO, desorption peak and is a result of a shift in the thermal desorption peak to

lower temperatures due to the higher coverage of hydrogen adatoms.

Reaction (B), the decomposition of formate to produce CO, hydrogen, hydroxyl and O adspecies,

is evidenced by the increased intensity of modes attributed to adsorbed CO in the EELS spectra, as dis-
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cussed previously in Section 3.5. This reaction begins below the temperature for hydrogen desorption.
The D adatoms from reaction (B) combine with the H adatoms from reaction (A), producing
desorption-limited HD at the same temperatures as H, desorption [cf. Fig. 9(B)]. Reaction (C), the
decomposition of formate to yield D adatoms and CO,, has been discussed in Sect. 4.2. At low formate
coverages, all decomposition occurs below the desorption temperature for hydrogen, aﬁd all evolution of
HD from the surface is desorption-limited. At saturation formate coverage, there are two peaks, a

desorption-limited peak at 310 K and a reaction-limited peak at 350 K, similar to H, TDMS.

Desorption of D, is qualitatively similar to HD desorption. At low formate coverages, all decom-
position occurs below the hydrogen desorption temperature and all evolution of D, from the surface is
desorption-limited [cf. Fig. 9(C)]. At higher formate coverages, desorption-limited hydrogen evolution
shifts to lower temperatures. Consequently, the H adatom coverage is lower when reaction (C) is
active, and this reaction produces increased amounts of D, with respect to HD. This is also reflected by

a shift of the reaction-limited D, peak 10 to 20 X higher than the H, and HD peaks.

The peak temperatures for desorption-limited hydrogen evolution have shifted to lower tempera-
tures with respect to H, on clean Ru(001), where hydrogen desorbs at 440 K at low coverage and 340
K at saturation coverage (40). Similar shifts have been seen for the coadsorption of CO and hydrogen
(41).

4.5 Water Desorption

Water has been reported as a major decomposition product from formic acid on the (100) surface
of Ru (7), but only very small amounts of water are a product on Ru(001), desorbing at 275 K [cf. Fig.
10]. The reaction of hydrogen and oxygen adatoms to give water does not occur on the Ru(001) sur-
face at temperatures below that at which hydrogen adatoms recombine and desorb thermally as H, (42).
Thus, this small amount of desorbed water must be produced by the recombination of hydroxyl frag-
ments and surface hydrogen from formic acid dehydrogenation. Integration of CO, CO, and H, TDMS
from HCOOH, with heating rates of approximately 15 K/s, yields an estimate for the total water pro-
duction as 0.02 £ 0.01 molecule per surface Ru atom. Slow heating rates increase the amount of water,

and the slow annealing cycles used for EELS measurements would be expected to increase the hydroxyl
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coverage in those experiments.

5. Conclusions

This study has demonstrated the existence of two formate intermediates to formic acid decompo-
sition on the Ru(001) surface, a monodentate formate and a bidentate formate. The bidentate formate
bonds in a bridging configuration. The formate molecules decompose to produce CO, CO,, water, O
adatoms and hydrogen. Two forms of molecular formic acid are observed, a first-layer state that
desorbs at 200 K and a multilayer state that desorbs at 170 K. Small exposures of formic acid dehydro-

genate upon adsorption to produce a monodentate formate. The formate species do not recombine with

H adatoms.

On the basis of EELS and TDMS results, the following reaction scheme can be constructed for

formic acid decomposition of the Ru(001) surface.
HCOOH(g) <8_O)K monodentate—~HCOO(a) + H(a)
monodentate~-HCOO(a) 3%-29K bidentate-HCOO(a)
bidentate-HCOO(2) %X OH() + CO(a)
bidentate-HCOO(a) 22033%K 0(3) + H(a) + CO)
bidentate-HCOO(a) *® 5% H(z) + COy(g)

OH(a) + H(a) "2/°K H,0(g)

- Ha2)
cow 450-50%K co)

The ratio of products is influenced by two factors, the formate coverage and the heating rate. At a
formate coverage of 10% of saturation, almost all decomposition yields CO. The amounts of both CO
and CO, increase with formate coverage, but the CO decomposition channel saturates before the CO,
channel. Slower heating rates are found to increase the relative amounts to water and CO. This is

explained by deactivation of the surface by O adatoms and by a lower prefactor for HCOO decomposi-

tion to CO than to CO,.
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Two interesting features of this study are: the first spectroscopic evidence for a surface hydroxyl
species on Ru(001) and the first reported observation of a softened v(CH) mode for a surface formate
species. While monodentate formate species have been proposed for other metal surfaces, this argu-
ment has been advanced solely on the assignment of a band at approximately 1660 cm™ as the v(C=0)
mode in a monodentate formate, rather than the v,(OCO) mode of a bidentate formate, which would be
dipolar allowed for an asymmetric bidentate bonding configuration. The observation of a softened
v(CH) mode provides additional evidence for the existence of a surface monodentate formate and indi-

%

cates an interaction between the hydrogen atom and the surface, indicative of a short H-surface dis-

tance.
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Table 1. Assignments of vibrational modes observed using EELS for molecular HCOOH and
DCOOD on Ru(001) from this work. The fundamental mode assignments for formic acid monomers,
dimers and crystalline formic acid are listed also (28). All frequencies are in cm™,

Mode HCOOH DCOOD HCOOH DCOOD
Monomer  Dimer Solid Dimer  Solid Ru(001)
v(OH) 3570 3110 2532 2323 2041 2640 2020
v(CH) 2943 2957 20958 2226 2272 2960 2260
2247
V(C=0) 1770 1754 1703 1720 1671 1690 1680
1609 1590
v(C-0) 1105 1218 1255 1246 1270 1235 1260
1224 1253
8(CH) 1387 1365 1380(a) 987 993 1370 970
976
SOH) 1229 1450 1560 1055 1090
1075
1(CH) 1033 1050 1083 860 899
OCO) 636 397 720 642 662 720 (b)
m(OH) 636 917 974 678 708 940 (b)

(a) Composed of three bands at closely spaced frequencies.

(b) A band with intensity due to both these modes appears at 690 cm™. The exact positions of the two
modes can not be determined.
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Figure Captions

Figure 1:

Figure 2:

Figure 3:

Figure 4:

Figure 5:

Figure 6:

Figure 7:

Figure 8:

Figure 9:

Electron energy loss spectra of molecular formic acid multilayers on Ru(001) at 80 X fol-

lowing exposures of 10 L of HCOOH, (a), and 10 L of DCOOD, (b).

Electron energy loss spectra of monodentate formate on Ru(001) at 80 K following expo-

sures of 4 L. of HCOOH, (a), and 2 L of DCOOD, (b).

Electron energy loss spectra showing bidentate formate decomposition on Ru(001) following

a 10 L exposure of HCOOH at 80 X and annealing to the indicated temperatures.

Electron energy loss spectra showing bidentate formate on Ru(001) following a 4 L exposure
of DCOOD at 80 K and annealing to the indicated temperatures. Note that the intensity of
the 610 cm™ band due to a surface deuteroxyl does not correlate with the other spectral

features.

Thermal desorption mass spectra of molecular formic acid desorption from Ru(001) follow-

ing exposures of (a) 3L, (b) 5L, (c) 10L and (d) 20 L of DCOOH.

Thermal desorption mass spectra of CO, desorption from Ru(001) following exposures of (a)

04L, (®061L,(c)1L,(d)3L,(e)5SL and (f) 10 L of DCOOH.

Thermal desorption mass spectra of CO desorption from Ru(001) following exposures of (a)

04L,(06L,(c)1L,(d)3L,(e)5L and (f) 10 L of DCOOH.

Formic acid decomposition products on Ru(001) as a function of reaction conditions: (A)
the amounts of CO and CO, evolved relative to a saturation coverage of formate and the
ratio of CO, to CO versus the formic acid exposure (in L) for a heating rate of approxi-
mately 15 K/s; (B) the ratio of CO, to CO versus the heating rate (in K/s) for a 1 L exposure
(approximately 40% of saturation). The ratio of products from a surface annealed at 240 K

for 300 s and then ramped at 13 K/s was used as the zero heating rate extrapolation.

Thermal desorption mass spectra of (A) H,, (B) HD and (C) D, desorption from Ru(001) fol-

lowing exposures of (a) 0.4 L, (b)) 0.6 L, (¢) 1 L, (d) 3 L, (&) S L and (f) 10 L of DCOOH.

Figure 10: Thermal desorption mass spectra of water desorption from Ru(001) following an exposure of
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Figure 10



