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Abstract

The organometallic chemistry of the hexagonally close-packed Ru(001) surface has been studied
using electron energy loss spectroscopy and thermal desorption mass spectrometry. The molecules that
have been studied are acetylene, formamide and ammonia. The chemistry of acetylene and formamide

has also been investigated in the presence of coadsorbed hydrogen and oxygen adatoms.

Acetylene is adsorbed molecularly on Ru(001) below approximately 230 K, with rehybridization
of the molecule o nearly sp® occurring. The principal decomposition products at higher iemperatures
are ethylidyne (CCH,) and acetylide (CCH) between 230 and 350 K, and methylidyne (CH) and surface
carbon at higher tlemperatures. Some methylidyne is stable to approximately 700 K. The preadsorption
of hydrogen does not alter the decomposition products of acetylene, but reduces the saturation coverage
and also leads to the formation of a small amount of ethylene (via an 712-CHCH; species) which desorbs
molecularly near 175 K. Preadsorbed oxygen also reduces the sawmration coverage of acetylene but has
virtwally no effect on the nawre of the molecularly chemisorbed acetylene. It does, however, lead to
the formation of an sp>-hybridized vinylidene (CCH,) species in the decomposition of acetylene, in
addition 10 the decomposition products that are formed on the clean surface. There is no molecular
desorpuion of chemisorbed acetylene from clean Ru(001), hydrogen-presaturated Ru(001), or oxygen-

presaturated Ru(001).

The adsorption and decomposition of formamide has been studied on clean Ru(001), hydrogen-
presaturated Ru(001), and Ru(001)-p(1x2)-O (oxygen adatom coverage = 0.5). On clean Ru(001), the
adsorption of low coverages of formamide at 80 K results in CH bond cleavage and rehybridization of
the carbonyl double bond to produce an n*(C,0)-NH,CO species. This species is stable to approxi-
mately 250 K at which point it decomposes to yield a mixture of coadsorbed carbon monoxide,
ammonia, an NH species and hydrogen adatoms. The decomposition of NH to hydrogen and nitrogen
adaloms occurs berween 350 and 400 K, and the thermal desorption products are NH; (=315 K), H;
(=420 K), CO (480 K) and N; (=770 K). At higher formamide coverages, some formamide is
adsorbed molecularly at 80 K, leading both to molecular desorption and to the formation of a new sur-

face intermediate between 300 and 375 K that is identified tentatively as n!(N)-NCHO. On Ru(001)-
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p(1x2)-O and hydrogen-presaturated Ru(001), formamide adsorbs molecularly at 80 K in an 1'(O)-

NH,CHO configuration. On the oxygen-precovered surface, the molecularly adsorbed formamide under-
goes competing desorption and decomposition, resulting in the formaton of an m*N,0)-NHCHO
species (analogous 10 a bidentate formate) at approximaiely 265 K. This species decomposes near 420
K with the evolution of CO and H, into the gas phase. On the hydrogen precovered surface, the
n'(0)-NH,CHO converts below 200 K o n%C.0)-NH,CHO and n%C,0)-NH,CO, with some molecular
desorption occurring also at high coverage. The n%(C,0)-bonded species decompose in a manner simi-

lar to the decomposiuon of n’(C.O)-NHZCO on the clean surface, although the formation of ammonia is

not detected.

Ammonia adsorbs reversibly on Ru(001) at 80 K, with negligible dissociation occurring as the
surface is annealed. The EEL spectra of ammonia on Ru(001) are very similar to those of ammonia on
other metal surfaces. Off-specular EEL spectra of chemisorbed ammonia allow the v(Ru-NH,) and
p(NH,) vibrational loss features to be resolved near 340 and 625 cm™, respectively. The intense
5,(NH,) loss feature shifts downward in frequency with increasing ammonia coverage, from approxi-
mately 1160 cm™ in the low coverage limit to 1070 cm™ at saturation. In coordination compounds of
ammonia, the frequency of this mode shifts downward with decreasing charge on the metal atom, and
its downshift on Ru(001) can be correlaied with the large work function decrease that the surface has
previously been shown to undergo when ammonia is adsorbed. The EELS data are consistent with
ammonia adsorption in on-wop sites. Second-layer and multilayer ammonia on Ru(001) have also been

characterized vibrauonally, and the results are similar to those obtained for other metal surfaces.
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CHAPTER 1

Introduction
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The field of organometallic surface chemistry has been developing rapidly over the past few
years. The application of surface-sensitive techniques to study the chemistry of atoms and diatomic
molecules on well-defined, single crystalline transition metal surfaces under ultrahigh vacuum condi-
tions has been pursued extensively, and the chemistry of ethylene and acetylene has also received con-
siderable attention. The primary motivation for most of this work was, and to some degree remains, the
hope of gaining insight into the mechanisms of various surface catalytic reactions that are of industrial
importance, such as the Fischer-Tropsch and ammonia syntheses. More recently, however, there has
also been increased interest in the comparison between surface chemistry and the chemistry of
organometallic compounds. Such aspects of surface and cluster chemistry as ligand bonding, ligand
reactivity, and the effects of electron withdrawing or donating ligands or adsorbates on the chemical
properties of the surface or cluster are of particular importance. It is this comparison between surface

chemistry and organometallic cluster chemistry that provides the principal motivation for the research

presented in this thesis.

The comparison between surface and cluster chemistry, particularly with regard to the
identification of stable ligands, is complicated by the fact that the principal experimental techniques
employed are not analogous. X-ray diffraction is by far the most important technique for analyzing the
structure and bonding of ligands in organometallic compounds, but since this technique is not surface
sensitive it cannot be used to identify ligands adsorbed on metal surfaces. Consequently, the most
important techniques utilized to identify stable intermediates on metal surfaces have been vibrational
spectroscopies. Among these, electron energy loss spectroscopy (EELS) has proven to be the most
powerful and versatile (1), and more than any other experimental technique allows rather complex sur-
face species to be identified unambiguously. This technique thus provides a solid basis for comparisons
between surface and organometallic chemistry, and when infrared (IR) vibrational data are available for
organometallic ligands that are closely related to those identified on a metal surface particularly incisive
comparisons can be made. The research discussed herein has utilized EELS as the primary experimen-
tal technique, along with thermal desorption mass spectrometry (TDMS). The latter technique allows

the identfication of the ultimate gas phase decomposition products of a given molecule on a metal sur-



face.

This thesis discusses the chemisoy of actylene, formamide and ammonia on clean and
chemically-modified Ru(001) surfaces. The hexagonally close-packed Ru(001) surface has been the
subject of numerous previous surface science investigations, both because of the imporiance of
ruthenium in surface catalytic processes (2) and because, due (o its Jocation in the center of the periodic
Lable, it is reactive enough that interesting chemical reactions occur with a wide variety of molecules
but not so reactive that stable intermediate species cannot be isolaled and idenufied under the proper
conditions. The preadsorption of elecwon withdrawing oxygen adaioms can alter the chemistry of this
surface towards various molecules (3), just as elecron withdrawing ligands in organometallic com-
pounﬁs effect the ligand bonding and reactivity that these compounds exhibit. Consequently, the effect
of preadsorbed oxygen on the chemistry exhibited by acetylene and formamide on Ru(001) has been
studied. The effects of preadsorbed atomic hydrogen have also been investigaied, since hydrogen
adatoms are a decomposition product of both of these molecules on Ru(001), and could thus influence

the decomposition pathways of these molecules on this surface and lead to different intermediates than

are formed on the clean surface.

The chemisury of acetyvlens has been studied on a number of single crystalline transition metal
surfaces (4). Below approximately 200-250 K it is generally molecularly adsorbed, with substangal
rehybridization of the carbon-carbon double bond to between sp? and sp® occurring. Strong similarities
have been noted previously berween the EEL specura of acetylene on some metal surfaces and the IR
spectra of coordinated acetylene in certain organometallic compounds (5), which has led to some tenta-
tive conclusions regarding the binding site of acetylene on these surfaces. A.nn:aling'mclal surfaces
with adsorbed acetylene usually leads w0 molecular dissociaton rather than desorption, and a vanety of
decompositon products have been identified including ethylidyne (CCH,), vinylidene (CCH,), acetylide
(CCH) and methylidyne (CH). These species ulu'mal.cly decompose upon further annealing to yield
hydrogen gas and some form of surface carbon. The studies of acerylene on Ru(001) were undertaken
in order 10 attempt both w0 gain information concerning the nature of molecularly chemisorbed ace-

tylene on this surface and 10 elucidate the decomposition mechanism. The coadsorption of hydrogen
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and acetylene offers the possibility of forming ethylene and other more highly hydrogenated intermedi-

ates. Coadsorpuon eapeniments with alomic oxygen were undertaken primarily because oxygen has
been found w alier swrongly the nature of chemisorbed ethylene on several metal surfaces (6-9), from an
sp’-hybridized di-c-bonded species 10 a n-bonded sp’-hybridized species. Th coadsorption of oxygen
and acetylene has received virtually no atiention previously (10).

The adsorption of formamids has not been srudied previously on any single crysialline metal sur-
face. However, a large number of formamide-derived ligands are known in organometallic cluster
chemistry, and in some cases IR data are available (11). Since several closely-relaied molecules such
as formic acid (12), acetone (3), formaldehyde (13) and methylamine (14) have been studied on
Ru(001), we have chosen 1o study the chemistry of this molecule on clean Ru(001), oxygen precovered
Ru(001) and hydrogen precovered Ru(001). An issue of particular imporiance is W what degree the
surface chemistry of formamide is dominated by either the carbonyl group or the NH; group. This will
determine whether the surface chemistry of this molecule on Ru(001) resembles more closely that of

formaldzhyde or that of methylamine, or, if both the carbonyl and NH; groups are imporant, that of

formic acid.

The ad:orption of ammonia on Ru(001) has beesn the subject of several previous investigauons
(1%2.17). In contrast 10 acetylzne and formamide, the “chemisoy” of this molecule on Ru(001) is simple
and was previously well underswood: following adsorpuon at 80-100 K, the molecule simply desorbs
reversibly between 150 and 350 K, with negligible dissociation occurring as the surface is heated. The
purpose of this study was therefore not the identification of stable decomposition intermediates, but a
thorough vibrational characterization of the molecularly adsorbed ammonia under various conditions of
coverage and temperature. Since only molecular ammonia was present on the surface under all condi-
uons studied, close attiznton could be paid to such physical phenomena as frequency shifts of cenain
vibrational modes as a function of coverage. Detailed comparisons can be made between the surface

and organometallic chemisry of ammonia, since there is a large amount of IR data available for

ammonia ligands in metal compounds (18).
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CHAPTER I

The Interaction of Acetyiene with the Ru(001) Surface

[This chapter was published as a paper by J. E. Parmeter, M. M. Hills and W. H. Weinberg, in The
Jourral of the American Chemical Sociery 1986, 108, 3563.]
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Interaction of Acetylene with the Ru(001) Surface

J. E. Parmeter,” M. M. Hills, and W. H. Weinberg®

Contribution from the Division of Chemistry and Chemical Engineering, California Instituse of
Technology, Pasadena. California 91125. Received October 8, [985

Abstract The adsorption and decompasition of acetyiens on the hexagomally ciose-paciked Ru(001) surface has besn studied

by using high-resolution electron energy loss spectroscopy and thermal

desorption mass spectrometry. Below 230 K, scetyiens

umwcmﬁumm&dmmwum—m—mfm Between

decomposs
Jsok.whhmmmhmmmﬂdm(CH)MwMGlhadn The
methylidyne decomposss with hydrogen evolution into the gas phass bstwesn approximately 480 and 700 K.

L Intreductien

The interaction of unsatursted hydrocarbon molecules with a
variety of low Miller index si ine transtion-metal
surfaces has been the focus of much research in surface science
recently.! These studies are of obvious importance both in
quantifying the relationships betwesn the bonding of hydrocarbon
ligands to multinuciear compiexes and their bonding
to surfaces and in view of the role that such hydrocarbons play
in industrial, heterogeneous catalytic processes. The application
of modern, sophisticated experimental techniques to the study of
hydrocarbon adsorption and decomposition on metals has led to
the identification of a number of surface species which may act
as intermediates in these catalytic surface reactions and which
mmmnwmm Perhaps
the most useful technique in understanding the structure and
bonding of adsorbates on metal surfaces has been vibrationally
inciastic clectron scatterng which s usually termed high-resclution
electron energy loas spectroscopy (EELS), especially when em-
ployed in combination with thermal desorption mass spectrometry
(TDMS). Recently, the resuits of two different EELS and TDMS
studies of ethylene adsorption on the hexagonally close-packed
Ru(001) surface have been reported.™ As a natural extension
of this work, we report here & similar investigation of the adsorption
and decomposition of acetylene on Ru(001).

Acetyiene adsorption has been studied 1 y with EELS
on a wide vanety of metal surfaces, i Cu(111).* Cu(100),}
Cu(110).° Ag(110).* Ni(111),” Ni(110),* Pd(111),** Pd(100),*'®
Pd(110),* Pr(111)," Rh(111), Fe(110)," Fe(111),'* W(110),"*
W(l11),'* and W(100)."” With the exception of the Ag(110)
surface, on which the adsorption is weak and reversible below 160

in going from the gas phase 10 the chemisorbed phase. Finally,
the relative intensities of the carboo—hydrogen bending and
carbon—carbon stretching modes may serve o delimit the geometry
and the binding site of the adsorbed species.* It is both to in-
vestigate thess issues and to quantify the connection with ethylene
adsorption that we have undertaken this study of acetylene ad-
sorption oa Ru(001).

The mechanism by which molecularly adsorbed acetylene de-
composes oo metal surfaces is also of great interest. The iniual
dissociation step may be either carbon—carbon bond cleavage to
produce methylidyne (CH) or carbon—hydrogen bond cleavage
and formation which may resuit in a number of difTerent adsorbed
hydrocarbon imermediates. [nitial cleavage of the carbon—carbon
bood has been reported on Ni(111) at 400 K’ and on Fe(110)
at approximately 320 K" to form surface methylidyne. I[nitial
cleavage of carboa—hydrogen bonds occurs on the Pr(111), Pd-
(100), and Pd(111) surfaces. On Pt(111), formaton of a CCH,
species via' hydrogen transfer has been proposed as the initial step
in acetylene decompasition.!! On Pd(100), a hydrogen atom is
abstracted from the molecularly adsorbed species by the surface
hu_mm4w&_uuummfmdumhdn
(CCH).” The Pd(111) surface exhibits interesting and complex
behavior, with the formation of both acetylide and ethylidyne
(CCH,) above 300 K.’ These species dehydrogenate thermally
at higher temperatures, possibly via methylidyne intermediates.
In view of the recent identification of both ethylidyne and me-
thylidyne as decomposition products of ethylene on Ru(001),-
a similar study of the decomposition of acetylene on this surface
is of obvious importance.

In this paper, we first discuss thermal desorption measurements

K. acetylene is adsorbed molecularly, but with the molecul

strongly distorted from its gas-phase structure, in all the cases
where adsorption below 200 K bas been reported. Typically, the
molecularly adsorbed acetyiene is stable at temperatures below
approxumately 250~350 K. The singie most important spectro-
scopic indicauon of the degree of rehybridizatioa of molecular
acetylene upon adsorption is the carbon—carbon stretching fre-
quency, which is 1974 cm™ in gas-phase acetylene.'* However,
a large number of metal surfaces, including Cu(111), Cu(100),
Cu(110), Pd(111), Pd(110), Ni(110), and Py(111), on which
acetylene is adsorbed moleculsrly, exhibit carbon—carbon
stretching frequencies in the 1300~1400-cm™' range, indicative
of a rehybndization of the carbon atoms to between sp? and sp’
and an approzimate carbon—carbon bond order of 1.5. On other
surfnul even more extensive rehybnidization of the acetylene

le occurs, resulting in sull lower carbon—carbon stretching
!raquncua These surfaces include Fe(110) (»ec = 1240 cm™),
Ni(111) (rec = 1220 cm™), Pd(100) (rec = 1210 cm™), and
Fe(111) (vcc = 1145 cm™). Further insight into the degree of

distortion that the molecule experiences upon adsorption is given
by the reduction of the carbon—hydrogen stretching frequencies
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after acetylene adsorption on Ru(001) and then EEL spectra of
both muitilayer and chemusorbed acetylene on this
surface. 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 10 yield methylidyne and surface carbon.

[I. Experimental Precedures

The EEL spectrometer used in thess studies, as well as the uitra-
high-vacuum (UHV) chamber is which it is contained, has besn de-
scribed in detail elsewhere.”” Briefly, the stainiess stosi UHY chamber
is pumped by 3 220 L/s Yarian ion pump and a titanium sublimation
pump. and base pressures below 5 X 107! torr are obtained rowtisely.
The bome-built EEL spectrometer is of the Kuyatt-Simpson type, with
180° bemispherical defleciors serving as the esergy dispersing clements
in both the monochromator and the asalyzer. The momochromator is
qnu.l.lyﬁui.h!m lyzer bie to allow off- L
o be All sp pr d and referred 10 in this paper were

i d in the sp lar directs usless otherwise noted. The impact
enargy of the incident electron beam was a 4 ¢V in all casems,
and the benm was incident on the Ru(001) crysal at as angle of 60° with
respect to the surface normal. The imstrumental energy resolutios is
thess studies, defined as the full-width at balf-masimmm of the clastcally
scanered beam, varied from 60 to 80 cn™, while coust rates ia the elastic
phnndfn-ulllo‘mlllo‘q-.

The Ru(001) crystal was cooled by using liquid mitrogen, and tem-
peratures as low as 80 K were obtained routinely. Crystal ciesning was
aciueved by unng the weil mbed techn of argom ion sputtering
and besting the crystal in a beckground of oxygen.® The cleaniines
of the surface was verjfied with EELS. Some of the EEL spectra pres-
ented in section (11 show a small amount of CO contamination (below
1-2% of s monoclayer) due to adsorption (rom the background Not
surprisngly, it was found that thess varying and low concentrations of
coadsorbed CO did not affect the EEL spectra of scetyleas and its
decomposition producta.

Thermal desorption mass spectrometry was performed in a separats
UHY chamber aiso containing a Ru(001) crystal and equpped with a
quadrupole mass spectrometer (UT1 100C) with & skimmer 1o discnim-
inats betwesa desorption from the crystal surface and desorption from
|hmﬂdﬂuﬂnnﬂﬂhﬁ.ntﬂlun.\uﬂdﬂup
trometer for verifying surface cleaali Hestung rats b Sand
NK/-—n-dnth-TDMSnm Crynal cooling and
cleaning were sccomplisbed as in the EELS chamber.

The C,H, used in these studies was obtaised (rom as industrial
acetylene tank (95% punty) and was punfied as it was introduced into
+a giass flask by passags through a dry ice/methasol slurry. The maus
purpose of this pr ¢ was 1o which s always added
1o prevent explosions when scetyiens i stored under bigh pressures. The
C;D; (99 stom % deuterated) was obtained from MSD Isotopss. The
tbe UHV chamber were Mlushed several umes with C,H, or C,D,, in
order 10 pastivale them toward acetyless decompositon, before anmy
acetylens was introduced into the UHV chamber. Mass spectra of the
C;D; and C;H; which were admittad into the UHV chamber showed no
traces of any impunties. Muitilayer EEL sp also 3b d no de-
teclable impurities.

[l Resuits and Discussion

A. Thermal Deserptdon Mass Spectremsetry. Thermal de-
sorption measurements after acetylene adsorption on Ru(001) at
80 K were performed for acetylene exposures in the range of
0.2-10 langmuir (1 langmuir = 10™ torr 3). The only desorption
products detected in the temperature range between 80 and 300
K were molecular acetylene and hydrogea. Benzene, ethylene,
ethane, and methane were specifically looked for and were not
detected under any circumstances.

Molecular acetylene desorts only in 2 sharp peak at 95 K. Since
this peak appears only for acetylene exposures greater than §
langmuir and does not saturate for increasing exposures above
5 langmuir, it may be assigned unambiguously as the desorption
of a multilayer state. No molecular acetylene desorbs rom the

(19) Thomas, G. E.. Weanberg, W. H. Rew. Sci. /mstrum. 1979, 30, 497.
(20) Thomas. G. E.. Weinberg, W H. /. Chem. Phys. 1979, 70, 954.

Parmeter et al.

Aul00N - C.Hl

oL

as

H, DESORPTION RATE, A.U.

—
700 ) 10 - —]

TEMPERATURE , K
Figwe 1. H; thermal desorption spectra resulting after the Ru(001)
surfacs at 80 K is exposed to 0.2, 0.8. and 10 langmuir of C;H,. The
beating rate used in recording these spectra is approximately 20 K 57

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

The hydrogen thermal desorption spectra that resuit after 0.2-,
0.8-, and 10-langmuir acetylene exposures on Ru(001) at 830 K
are shown in Figure |. The 0.2- and 0.8-langmuir exposures
correspond, respectively, 1o approximately 20% and 70% of sat-
uration acetylene coverage, and the 10-langmuir exposure. as the
resuits discussed above suggest, is more than sufficient to saturate
the monolayer. Indeed, hydrogen thermal desorption spectra are
identical for all acetylene exposures greater than 5 langmuir,
confirming that a S-langmuir exposure corresponds to saturation
coverage of chemisorbed acetylene on Ru(001) and that the hy-
drogen thermai desorption [eatures shown in Figure | correspond
to the decomposition of these chemisorbed species. The specira
in Figure | reveal two main desorption features, a low-temperature
(8,) peak and a broad, high-temperature (5;) peak. The 5, peak
is centered at 425 K for a 0.2-langmuir acetylene exposure and
shifts downward to 380 K for saturation acetylene exposures. This
behavior is characteristic of second-order desorption kinetics. The
; peak is quite broad, extending from about 480 to 580 K for
0.2-langmuir acetylene exposures and from 480 to 700 K for
saturation exposures.

As will be shown from the EELS resuits, the only hydrocarbon
spu-r-luungfm acetylene decomposition on Ru(001) above
400 K is methylidyne. Thus, the high-temperature 3, desorption
peak of hydrogen resuits from methylidyne decomposition to yieid
carbon adatoms and H(g). The 3, desorption peak of hydrogen
results from surface hydrogen that is formed from the dehydro-
genation of ethylidyne (and to a lesser degres from acetylene
decomposition t0 acetylide), as will be discussed later. For initial
acetylese exposures of 0.4 langmuir or more, the ratio of the
8,-to-8; peak areas is J:]1 within experimental error, indicating
that one-fourth of the hydrogen initially present in the chemisorbed
acetylene is eventually present in methylidyne. For 0.2-langmuir
acetylene expasures, the ratio of the §,-to-8; peak areas is more
difficult to determuine due to peak overiap, but it is approximately
2:1, indicating that ome-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
desord 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-10-one correspondence berween the
amount of acetylene adsorbed in the monolayer and the total
amount of hydrogen desorbing in the 8, and 8, 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,,!' and this may be used to calculate



10,

Interaction of Acetylene with Ru(00!) Surface

RulO0N+C3M3/C 20,
-4
\J_
>
L~
2 te)
-
=
=l
a7y 3798 y3e0
| e (@)
o r=3) 7000 ) 008
ENERGY LOSS.com™'
2 EEL that result from |0-langmuir exposurss of (a)
C,;H; and (b) C,D, to the Ru(001) sufsce at 30 K. These spectra are
charactersuc of densed Y Itilay

Tabls L Vibraticaa! Frequencies (cm™') for C;H, and C;D; in Gas
and Crysulline Phases and for C,H, and C;D; Multilayers on
Ru(001) at 30 K

crysaalhine multilayers
mode gas'? IRBe oa Ru(001)
C,H;
CH s bend (»,) 612 605*
CH a bend (»y) 729 761, 769 ™0
CC stretch (»y) 1974 1970
CH a mretch (ry) 3287 3226 3255
CH s strewch (») 31374 1360
CiD;
CD 3 bend (»,) 508 545°
CD a bend (»y) 539 562, 568 565
CC stretch () 1762 1780
CD a stretch () 2439 2393 2440
CD s stretch (»,) 2701 2708
*Crysulline IR data at 6] K. *E d froe y ol s, + »y
combination band. 1 = 3y €, 2 = asy .

the acetylene coverage. This yields a saturation fractional coverage
of approximately 0.27 for acetylene adsorption on Ru(001).

B. Electroa Esergy Loss Spectroscopy. 1. Muitilayer State.
As indicated above, exposing the Ru(001) surface at 80 K w0
approximately 5 langmuir or more of C;H; or C;D, results in the
condensauon 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 Figure 2, and the observed vibrational fre-
quencies are listed in Tabie L, together with data for both gas-phase
and crystalline acetylene. These muitilayer spectra are useful as
a suppiement to TDMS data, both in verifying the purity of the
acetylene used in these experiments and in determining when
saturauon coverage of chemisorbed acetylene is obtained. For
both C,H,; and C;D,, all fundamental modes are clearly resolved
except »,, the Raman-active carbon—hydrogen symmetric bending
mode, which is obscured by the intense, [R-active asymmetnc
bending mode, »;. As in the case of gas-pbase IR spectra of
acetylene,'® the frequency of the », mode may be estimated from
the observed »; + », combination band, which occurs at 1375 cm™
for C;H; multilayers and 1110 cm™ for C,D,; multilayers. Not
surpnsingly, the [R-acuve modes of the acetylene multilayers are
close in frequency to both those of crystalline acetylene™ and those
of gas-phase acetylene.'" The feature near 740 cm™ in Figure
2b is probably due 10 2 small amount of C;H; in the deuterated
acetylene. This impurity is on the order of 1% or less.

2 Molecularty Chemsisorbed Acerylems. Annealing the Ru(001)
surface on which acetylene multilayers are present 1o above 95

(21) Stumizu. H.: Chnstmana. K.; Ertl. G. J. Caral. 1988, §/. 412.
(22) Glocker. G.. Morreil. C. E. /. Chem. Phys 193 4. 15
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Table L. Vibrational Modes of Molecularly Adsorbed Acetylene on
Ru(001) in the Temperature Range 80-230 K. with Correspoading
Frequencies (rom the Cobalt Compounds Co.(COh(C,H,)” and

Co.(CO)u(C,Hl)‘ Presented for Comparison. q Ars
Reported in cm™'
Ru(001)
W C;Hy)/ Coy(CO)e- Coy(CO)e
mode” CH; C,Dy wCiDy (CHyY (C:Hy
CH a strewch 3116 3020
2940 2210 1.33
CH 1 stretch 3086 2993
CC stretch 1135 1088 1.08 1403 1199
CH bend 980 7158 1.37 894 983, 1120
CH bend 765 585 1.35 768 837,922
MC a stresich 520 obscured 603 619
MC s stretch 378 350 1.07 551 ?
‘s = gy iC, & = asy .

Ru(O01) +CaH2/C 30,

INTENSITY, cps

ENERGY LOSS, em™'

Figere 3. EEL spectra that resuit when the Ru(001) surface at 30 K is
exposed to § langmuir of (a) C,H; and (b) C,D, and heated to 130 K.
The spectra wers recorded at 30 K. These spectra are charactensuc of
chemusocbed acstylens.

K. or exposing the Ru(001) surface to less than 5 langmuir of
acetylene at 80 K, results in the formation of a surface species
which 1s stable to approximately 230 K. This chemisorbed species
is identified easily as molecularly adsorbed acetyiene which has
undergone extensive rehybridization upon adsorption. The ob-
served vibrational modes for C;H; and C;D, are listed together
with their assignments in-Table [, and the relevant EEL spectra
are presented in Figure 3. For comparison, the vibrational data
for acetylene in two lic cobait compounds are listed
also in Table [I. These data will be discussed below in relation
to possible bonding geometries for acetylene on Ru(001).

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) em™! for C,H, (C,D,)
is clearly due to a carbon—hydrogen (carbon—deuterium) stretching
vibration. [n both cases, the symmetric and asymmetric stretching
modes are not resolved. The intense mode at 765 cm™', which
shifts down to 565 cm™' upon deuteration. is assigned to a car-
bon—hydrogen bending mode, as is the less intense mode which
shifts from 980 to 715 cm™ upon deuteration. The feature which
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 asymmetrnic and sym-
metric metal—carbon strewching modes of adsorbed acetylene. The
latter mode occurs at 350 em™' for C;D,, while the asymmetric
metal—-carbon stretch in the deuterated species is obscured by the
carbon—deuterium bending mode that 1s centered at 565 cm ™
There is no other set of mode assignments that consistently ac-
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counts for the observed spectra.

Off-specular EEL spectra indicate that the carbon—carbon
stretching vibration at 1135 em™ in C;H, and the carbon—hy-
drogen 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.® 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™' invoives motion of the
hydrogen atoms largely parallel 1o the surface. However, without
detailed knowledge of the surface binding site of chemisorbed
acetylene. assignment of these bending modes as “in-plane® or

“out-oi-plane” is not possible. No additional vibrational modes

for chemisorbed C,H; corresponds 10 a carbon~carbon bond order
nearly equal to one, with the carbon atoms being nearly sp’ hy-
bridized. numyuuubycmmwlhus-phu
carbon—carbon frequencies of cthane (s = 995 cm™)
and ethylene (rce = 1623 cm™).'" Although this is the lowest
carbon—carbon stretching frequency which has beretofore been
observed for chemusorbed acetylene om any transition-metal
surface, it is quite close 10 the value of 1145 cm™ which has been
obwerved for C,H, 0n Fe(111)."* The carboa—hydrogen stretching
frequency of 2940 cm™! is also consistent with carbon atoms that
are nearly sp’ hybridized: typical values for »ey are 2800-3000

cm™' for sp’-hybridized carbon atoms and 2950-3100 cm™' for
sp‘ hybridized carbon atoms.'*

A companson of the carbon—carbon stretching frequency of
1135 cm™ for acetylene chemisorbed on Ru(001) to the car-
bon—carbon stretching frequencies of the acetylene ligands in the
cobalt compounds listed in Table [ suggests that such a low value
of »ee 18 not at all unressonabile for acetylene adsorbed on a mexal
surface. The decrease in frequency of 204 cm™', from rec = 1403
0 1199 cm™, in going from a two-cobalt atom cluster to a
four-cobalt atom cluster suggests that a further decrease in rec
might be expected as the metal “cluster” becomes infinitely large
(i.c.. 2 metal surface). This should be especially true of the
surfaces of the reiatively 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. [t has been suggested* that adsorbed C;H,
species exhibiting strong carbon—hydrogen bending modes in the
670~770-cm™ region, logether with relatively weak carbon—carbon
stretching modes, are the result of a “di-¢ + r"-bonding structure
in which the plane of a cis M—CH==CH—M compiex is tilted
significantly with respect to the surface normal through the in-
teraction 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 ounplu-. as-
signed as the yoy 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 1 charactenzed 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 com™' argues
against any modei which invokes r-bonding between the car-
bon—carbon bond and the surface. Possible alternative bonding
;mmswwmwmm
in Table II. In the compound Co,(CO)¢(C;H,).** the plane
containing 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

(23) For s discussion of EELS scattering mechanmms, ses: [bach H..
Mills, D. L. Electrom Emergy Loss Spectroscopy and Swrface Vibrationr.
Acaderuc: New York 1982

(24) Iwashuta, Y.; Tamara, F.. Nakamura, A. /norg. Chem. 1969, 3, 1179.
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Figwre 4. (a) sructure d the w compound
Coy(CO)(CyHy).* and an anal for acetylene
on the Ru(001) surface. (b) Metal—acetylene structure of the organc-
metallic compound Co,(C0),¢(C;H;).” and an analogous bonding
coafliguration for acetylens on the Ru(001) surface.

occupy adjacent, inequivalent threefold bollow sites on the surface
Figure 4a). Since these adjacent adsites are separated by 1.56

on this surface,” slightly farther apart than the length of a
carbon—carbon single bond in a hydrocarbon molecule (1.54 A),
it is probable that the carbon atoms would not be centered directly
abowve the threefold sites if such a bonding geometry were to occur.
In the compound Co,(C0O),e(C,H,).** the carbon—carbon bond
of the acetylene ligand lies parallel 1o a cobalt—cobalt bond, with
each carbon atom being ¢-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 oa Ru(001) would be achieved if the two carbon atoms
of the acetylene are -bonded 0 nearest-nexghbor ruthemium atoms
and with a four-centered bond between the carbon atoms and the
two ruthenium atoms on either side of this carbon—carbon bond
(Figure 4b). [t should be emphasized that the observation of 2

dipolar-enhanced carbon—carbon stretching mode in specular EEL
spectra does not rule out such bonding modeis in which the
carbon—carbon bond lies very neariy parallel to the surface., since
charge coupling between the adsorbed acetylene and the metal
may result in a substantial dynamic dipole being associated with
the »ec vibration.?

In summary, molecularly adsorbed acetylene on Ru(001) ex-
hibits vibrational frequencies characteristic of essentially a car-
bon—carboa single bond and sp’-hybridized carbon atoms. Al-
though we have discussed two possible bonding configurations
based on a companson with organometallic cobalt compiexes, we
stress that this is speculative and feel that additional studies of
the vibrational spectra of acetylene in cluster compounds and
additional measurements with other surface-sensitive techniques
are necessary before firm conclusions concerning the nature of
the binding site on Ru(001) may be drawn.

3. Thermal Decomposition of Chessisorbed Acetylese. When
the Ru(001) surface is heated with moiecularly chemisorbed
acetylene Lo temperatures in the range of 250-350 K. marked
changes occur in the EEL spectra. Figure 5a shows the EEL
spectrum that resuits when the surface represented in Figure Ja
of adsorbed C;H, is annealed w0 300 K. The most obvious changes
are the disappearance of the carbon—hydrogen bending mode of
molecularly adsorbed acetylene at 980 cm™ and the appearance
of a new mode at 1360 cm™', which is comparable in intensity to
the mode at 1140 cm™'. In addition, the strong carbon—h
bending mode which occurs at 765 cm™ for molecularly adsorbed

(25) This distance » caicuisted sasly from the nearest-nmghbor separsuon
of 2.71 A ia bulk ruthemium: see: Kittel, C. Introduction 1o Solid State
Physicr, 5th ed.. Wiley: New York. 1976.

(26) Gervamo. G.. Rossetti. R.; Stangbsilini, P. L. Orgunomeraliics 198S,
4,1612.

(27) Reference 23, pp 171-172.
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Figwre 8. EEL spectra that resuit when the Ru(001) surfscs st 30K is
exposed to § langmuir of (a) C,H, aad (b) C,D; and beatsd to 300 K.
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Table [IL. Vibrational Modes Observed for Ethylidyne and Acetylide
Present oa the Ru(001) Surface in the Temperature Range 250350
K due to Acetylene Decompasition. All Frequenciss Are Given in
cn-l

CCH, (ethylidyne)

AC;H,)/
mode C,H. CgD] '(C|D1)
CC surewch 1140 ~1150° 0.98
4,(CH,) 1360 ~1030" 1.30
CH stresch’® ~2935 ~2210 1.33
§,(CHyY 1440
#{(CH,) 990 800 1.24
CCH (acstylide)
W CH)/
mode C;H C,D wC,D)
CH bend 750 550 1.36
CC stresch obscured 1260
CH stretch’® ~2918 ~2210 1.33
RuC stretch 435 420 1.04
‘Th-mnd-m’iumaulmudmudm(n-

¥ are best based on | different spectra.

These spuctra were recordad at 30 K and show the char
of acetylide and ethylidyne.

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 repiaced by & new mode
at 435 em™.

Spectra of deuterated acetylene on Ru(001) which has been
annealed 1o 300 K (Figurs 5b) 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 compietely
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 temperatures above 250 K might be
accounted for in two different ways. Ome possibility is that
acetylene remains molecularty chemmsorbed on the surface under
these conditions but has undergone a change in molecular ori-
entation or adsorption site such that the observed spectral changes
result. The second possibility is that a surface resction 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 8, 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 (0 rationalize the
EEL spectra observed after heating to 300 K in terms of mo-
lecularty adsorbed acetylene would require assigning the |360-cm™
peak in the C;H; spectra 1o a carbon—hydrogen bending mode,
which is inconsistent with all existing vibrational data for acetylene
adsorbed on surfaces or as a ligand in organometallic compounds. ®
In addition, the bands at 1140 and 1360 cm™' in Figure 5a dis-
appear 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 Figure 5 correspond (o some
altered form of molecularly chemisorbed acetylens may therefore
be ruled out unambiguously.

Consequently, it must be concluded that the EEL spectra shown
in Figure 5 are characteristic of at least two difTerent reaction
products that resuit from the thermally activated decomposition
of acetylene on Ru(001). Indeed, the observed vibrational modes

(28) To our kmowiedge. no CH bending mode above 1000 cm ™' has besn
denufied pr y for Y 18 a8 or ilic The only
CH ding frequency wdenufied pr y for bed scetylene which
lies above 1150 cm™' s one of 1413 cm™' on Fe(110), a surface species for
wiuch all four Y CH bending modes were observed in specular
EELm'!

q pven

*The CH and CD stretching modes of the acstylide and ethylidyne
species are not well resolved. *These modes are observed mainly in
oﬂmm&nmmmw-h—uusmEL
spectra.

may be explained easily in terms of two species. namely acetylide
and ethylidyne. Mode assignments for both species are listed in
Tabie [[. Ethylidyne has previously been isolated and identified
as 2 product of ethylene decomposition on Ru(001), and modes
of approximately equal intensity at 1140 cm™' (carbon—carbon
stretch) and 1360 em™ [3,(CH,)] are characteristic of this species.
To confirm further the identity of this species, ofT-specular EEL
specira were measured which showed additional vibratonal modes
at 990 em™ [p(CH,)] and 1440 cm™' [§,(CH,)], as is the case
for ethylidyne formed by ethylene decomposition. The remaining
vibrational modes in Figure 5 may be assigned to the acetylide
species. The 750-cm™ mode is & 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
coadsosbed 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 decom-
position,’ aiso contributes to the intensity of this mode. As may
be seen in Table I11, deuterated spectra are consistent with these
assignments. The feature at 1085 cm™' in the C,D, spectrum is
due to the overiap of the carbon—carbon stretch and the §,(CD;)
mode of deuterated ethylidyne. In addition, the weak mode which
appears at 1260 cm™! in the deuterated spectra may be assigned
to the carbon—carbon streich of the acetylide. This frequency is
mhﬂmb“muymﬁm@mﬁhmm
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 am™ for acetylide formed from ethylene
decomposition) and is thus obscured by the §,(CH,) mode of
ethylidyne. 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 acetyiene. it is obvious that not 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 which results in ethylidyne
formation may be written as the seif-hydrogenation reaction

2C,H,(a) — CCH(a) + CCH,(a)
This is not meant to imply, however, that acetylide and ethylidyne
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Tnth v. Vumun-l Frequencies (cm™) of the Carbos—H ydrogen Bending and Stretching Modes of Methylidyne in Two Organometailic

nd on S | Metal Surfaces
Coy(uy-CH)- Ruy(CO)Hy Ru(001)
(CO)™ (uy-CH)» Fe(111)" Ni(111)™ Pd(111)" Pr(111)2 Rh(111)" (this work)
CH bend 850 194 795 790 762 850 770 800
CH strewch 3041 2988 3018 2980 3002 3100 3028 Jolo
are formed in a ratio of 1:1, since it is obvious that acetylide
formation may occur without ethylidyne formation. As written, Ru(00N+CyH,/Co0;y

this reaction says nothing concerning the mechanmm of acetylide
and ethylidyne formation from acetylene, an issue of obvious
fundamental importance. We have not been able to isolate
spectroscopically s CCH, speciss or any other intermediate in the
formation of ethylidyne under these conditions. Coadsorption
cxperiments with scetylens and hrydrogen on Ru(ml)mun-iy
in progress, which may shed light on the mechanism of
and cthylidyne formation.®

The ethylidyne that is formed on Ru(001) has been discussed
indmﬂmmnmdnhylu-m‘-’l.nd.m-
sequently, will not be considered further here. However, since
nhnmmmﬂydmbdlhmhdcspm-mm
2 discussion of this species is in order. Very few acetylide species
have been identified previously on metal surfaces. On Ag(llﬂ)
with preadsorbed oxygen, an acetylide has been identified as the
result of acetylene decomposition.* However, since the carbon
atoms in this species retain an sp bybridization, as evidenced by
2 carbon—hydrogen stretching frequency of 3250 cm™, this species
is clearly not closely related to the acetrylide that is formed on
Ru(001). Acetylene decompasition on Pd(100) and Pd(111),”
however, leads o the formation of an acetylide which is very
similar 10 the one that is observed on Ru(001), the former being
characterized by an intense carbon—hydrogen bend at 750 cm™',
a weak carbon—carbon stretch at 1340 cm™', and a rather weak
carbon—hydrogen stretch at 3000 cm™'. From these data it was
suggested that the acetylide on the palladium surfaces has both
carbon atoms bonded to the surface, with the carbon—carbon bond
axis eitber parallel or slightly skewed reiative 1o the surface plane.
This s consistent with a weak carbon—carbon stretching vibration
and an intense carbon—hydrogen bending vibration, in accordance
with the surface dipole seiection rule for EELS.® The same
conclusions very likely apply to the acetylide on Ru(001), and the
somewhat lower carbon=carbon (1260 cm™' for CCD) and car-
bon—hydrogen (~2935 cm™') stretching frequencies on the ru-
thenium surface suggest a slightly lower carbon—carbon bond order
than occurs in the acetylide on palladium, although in both cases
the bond order i3 clearly between one and two. Thus slightly lower
carbon—carbon bond order may be related to the lower decom-
position temperature of acetyiide oa Ru(001). On this surface
the acetylide has decomposed 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 reasomable that the carbon—carbon
stretching (requency of adsorbed acetylide is somewhat higher
than that of chemisorbed acetylene on Ru(001), since the former
may have some double bond character due to the additional
eiectron 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
cthylidyne, and a new surface species appears which is charac-
terized by vibrational modes at 440 (415), 800 (615), and 3010
(2255) cm™ in the case of C,H; (C,;D;). The vibrational spectra
for the hydrogenated and deuterated forms of this species are
shown in Figure 6. Based on the previous studies of ethylene
decomposition on Ru(001), and comparison to vibrational data
for 2 number of previously identified surface species'***? and
anaiogous organometallic compounds,’**? the vibrational modes

(29) Parmeter. J. E.. Hills. M. M. Wanberg. W. H.. unpublished resuits.
(30) Demuth, J. E.. Ibach. H. Surf. S 1978, 78, L747
(31) Gates, J. A.. Kesmodei, L. L. Surf Sc1. 1983, /24, 68
(32) Reference 23, Chapter 6.
¥ 133) Dubous, L. H.: Somorjai, G. A. Am. Chem. Soc., Symp. Ser. 1980,
2. L

INTENSITY, cps

ENERGY LOSS, em™

Figwre & EEL spectra that result after the Ru(001) surface at 80 K is
exposed o 5 laagmuir of (a) C;H; and (b) C;D,, anneaied to 400 K. and
recooled 10 30 K. These spectrs are characienstic of a methylidyne
species.

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 [V and compared to those for other methylidyne species
on surfaces and in the organometallic compounds Ru,-
(CO)eH (uy-CH) and Coy(uy-CH)(CO)y. A significant feature
of the methylidyne spectra is the compiete lack of any vibrational
features betweea 1000 and 2000 cm™' which might have been
associated 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 up-
shifted by about 70 cm™. It should be pointed out that, in addition
to methylidyne, there must be a rather large concentration (ap-
proximately 0.4 monolayer) of carbon adatoms on the Ru(001)
surface at 400 K. since the thermal desorption spectra indicate
that 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

compiexes listed in Table [V suggest that the most likely coor-
dination site for methylidyne on Ru(001) is one in which the
carbon atom occupies a threefold hollow site. [ndeed. the observed
carbon-hydrogen bending and stretching modes of methylidyne
on Ru(001) resembie 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 threefoid
hollow site, and the carbon—hydrogen bond axis is tilted slightly
with respect to the surface normal. The latter allows the car-
bon—hydrogen bending mode Lo become dipolar active and could

(34) Howard. M. W Kettle. S. F.: Oxton. [. A Poweil. D. B.; Sheppard.
N.. Skinner. P. J. Chem. Soc.. Faraday Trans. 2. 1981, 77, 397

(15) Eady. C. R.; Johmson. B. F. G.. Lewns. J. J. Chem. Soc.. Dalion Trans.
1977, 477.
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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), which suggests that this mode i3 dipolar
enhanced in specular EEL spectra and that the carbon—hydrogen
bond axis may be ulted slightly with respect to the surface normal.
These conclusions are in agreement with those of Barteau et al.?
for methylidyne formed from ethylene decompasition on Ru(001).

Twa closely reiated issues remain to be addressed regarding
acetylene decomposition on Ru(001). The first is the relative
concentrations of acetylide and ethylidyne formed upon decom-
position of molecularly chemisorbed acetylene between 230 and
250 K. Unfortunately, neither the EELS nor the TDMS results
dmndbtmuwﬁnw“mthqm
Clearly, stoichiometry requires that uniess some acetylene is
deh: completely to C, dimers below 250 K. a possibility
which seems unlikely and for which there is no spectroscopic
evidence, no more than half of the chemisorbed acetylene may
be converted (o ethylidyne, while the rest decomposes to acetylide.
Taking into account the ssturation acetylene coverage ofOZ‘!
monolayer, this places an upper limit of approximately 0.14
monolayer oa the total concentration of the ethylidyne produced.
A suitable lower limit is not 30 easily derived. Since the desorption
of hydrogen begins slightly beiow 250 K 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

C;Hy(a) — CCH(a) + }3H;(g)

also occurs 10 some extent. Consequently, the surface concen-
tration of acetylide is greater than that of ethylidyne, although
the exact rauo is not known.

The second remaining question involves the mechanism of
methylidyne formation: i.c., is the methylidyne formed via car-
bon—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 tem-
perature ranges, the former between approximately 350 and 380
K and the latter berween approximately 330 and 360 K (as judged
both from this acetyiene study and our previous ethylene study’),
EEL spectra are of littie use in answering this question. However,
some information may be gleaned from the fact that the ratio of
the areas of the §,-t0-8, hydrogea thermal desorption peaks is
less for low initial acetylene exposures compared to higher ex-
pasures. This implies that relatively more methylidyne is formed
from acetylene decomposition at low initial coverages of the latter.
In our study of ethylene decompasition on Ru(001),’ it was found
that the ratio of acetylide to ethylidyne formed upon ethylene
decomposition was larger at lower initial ethylene coverages
relauve 1o higher initial coverages, and it would be expected that
this is true in the case of acetyiene as well. This is in accord with
the fact that ethylidyne occupses 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 highber initial
coverages of acetylene. Therefore, a relatively greater amount
of acetylide formation leads t0 a relatively greater amount of
methylidyne formation, and it follows that acetylide must have
a greater tendency to decompose to yieid methylidyne than does
ethylidyne. Thus, the dorminant mechanism of acetylide decom-
position appears to be carbon—carbon bond cleavage to give C(a)
and CH(a), while the dominant mechanism of ethylidyne de-
compaosition is to two C(a) and three H(a). This is in agreement
with the more conclusive EELS resuits for ethylene decomposition
on Ru(001).” which show more clearly the decompasition of
ethylidyne prior to the decomposition of acetylide and with little
or no methylidyne formation accompanying the ethylidyne de-
compaosition.

J. Am. Chem. Soc., Vol. 108, No. 13, 1986

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 3, desorption peak (from methylidyne)
is enhanced by approximately s factor of 2 compared with that
observed after a saturation exposure of acetyiene at 80 K. Since
the desorption of surface hydrogen is rapid at 150 K, the prob-
ability of ethylidyne formation under these conditions is negligible.
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
concentration of acetylide correlated with the enhancement in the
surface concentration of methylidyne that was observed strongly
implicating acetylide as the major source of methylidyne. How-
ever, the possibility that a smail amount of ethylidyne decompases
to give methylidyne or that a small amount of acetylide decom-
poses 10 2C(a) + H(a) rather than 10 C(a) and methylidyne cannot
be ruled out compietely.

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

C;Hy(g)
C;Hyla) —
CCH(a) ———

= C’H;(I)

% CCH(a) + CCH,(a)
C(a) + CH(a)

= 2C(a) + 3H(a)

CCH,(a) —

2H(a) ———

H,(g)

CH(a) —== C(a) + '/,Hy(g)

IV. Coachaions

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

1. Moln:uhrly adsorbed acetylene on Ru(001) is stable below
230 K and is characterized by a carbon—carbon stretching fre-
quency of 1135 em™, corresponding to carbon atoms that are very
nearly sp’ hybridized. This is the lowest carbon—carbon stretching
frequency yet observed for molecularly adsorbed acetyiene on a
transition-metal surface. The saturation coverage of molecularly
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 10 dehydrogenation and
hydrogenation which occurs between 230 and 250 K, yielding
acetylide and ethylidyne.

3. The acerylide and ethylidyne decompose near 350 K, leaving
methylidyne as the only hydrocarbon species on the surface by
400 K, along with carbon adatoms. The decompasition of ethy-
lidyne (and perhaps 1o some degree the decompasition of acetylide)
produces surface hydrogen, which recombines and desorbs as
Hi,(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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CHAPTER I

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

(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 Sociery 1987, 109, 72.]
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The Coadsorption of Hydrogen and Acetylene on the Ru(001)

Surface

J. E. Parmeter,’ M. M. Hills, and W. H. Weinberg®
Contribution from the Division of Chemisiry and Chemical Engineering, California Institute of

Techmology. Pasadena, California 91125. Received June 23, 1986

Abstract The adsorption of acetylene on Rutml)mrfaummnmwpofwhydmhuhummuu
by using high-resolution electron energy loss spectroscopy and thermal desorpuon mass spectrometry. The presence of a saturauion
coverage of dissocutively adsorbed hydrogen (8, = 0.85) inhibits the subsequent adsorption of acetylene. reducing the fractional
saturation coverage of chemnisorbed acetylene at 80 K from approximately 0.25 t0 0.11. Partial hydrogenation of the chemisorbed
acetylene occurs as the surface 13 heated above |50 K. resuiting in the formauon of an w*-CHCH, species. Further hydrogenation
of #*-CHCHj to ethylene occurs aiso, with 0.01 monolayer of ethyiene desorbing at 175 K. The remainder of the chemisorbed

acetylene 1s not hydrogenated (o ethyiene but undergoes
and ethylidyne (CCH,) above 230 K. as on ciean Ru(001).
hydrogen presaturated surface.

. Imtroduction

The adsorption of acetylene has been studied on a number of
single<crystlline transition-metal surfaces under uitrahigh vacuum
(UHY) conditions.''* both to gain insight into the interaction
of alkynes with such surfaces and to isolate stable surface in-
termediates in order to make a connection with the bonding of
simular ligands in org llic compi In nearly all cases,
acetylene adsorbs moleculariy at low temperatures (7 < 250 K)
but with substantial rehybndization of the carbon—carbon tripie
bond occurring. We have recently reported the results of a study
of acetylene adsorption and reaction on the hexagonally close-
packed Ru(001) surface by using high-resolution electron energy
loss spectroscopy (EELS) and thermal desorption mass spec-

"AT and T Bell Laboratones Predocioral Fetlow.

carbon—hydrogen bond cleavage and formation to yield acetylide (CCH)
The ratio of ethylidyne to acetylide is greater, however, on the

trometry (TDMS).'® It was found that acetylene chemisorbs
molecularly on this surface below 230 K with rehybndization of

(1) Bandy, B. J.; Chesters. M. A.; Pemble. M. E.. McDougall. G. 5.
Sheppard. N Swf. Sci. 1984, 139, 87

(2) Avery, N. R. J. am. Chem. Soc. 1988, 107 . 6711.

(3) Stuve. E M. Madix. R. J.. Sexion. B. A. Surf. Sci. 1982, /2], 491.

(4) Lebwaid. S.. Ibach. H. J. Swrf. Sci. 1979, 89 425,

(5) Ibach. H.. Lehwald, S. /. Vacuum Sci. Technol. 1981, /8. 625.

(6) Gates. J. A.: Kesmodel, L. L. J. Chem. Phys. 1982, 76, 4281

(7) Kesmodel, L L., Waddill. G. D.: Gates, J. A. Swf Sc1. 1984, [ 38, 464.

(8) Kesmodel, L. L. /. Chem. Phys. 1981, 79, 4646.

(9) Ibach, H.; Lebwald. S. J. Vacuum Sci. Technol. 1978, /5. 407
> (10) Duboss, L. H.: Castner. D. J.. Somonjai. G. A. /. Chem. Phys. 1980,

2, 5234,
(11) Erley, W.; Baro. A. M_: [bach, H. Sur/. Sci. 1982, 120, 273
(12) Sexp. U.. Tsas, M.-C_, Kiippers, J.. Enl. G. Surf Sct 1984, /47 65

0002-7863/87/1509-0072801.50/0 © 1987 American Chemical Society
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the carbon atoms to nearly sp’. as judged by a carbon—carbon
stretching frequency of 1135 cm™.!” The chemisorbed acetylene
undergoes both carbon—hydrogen bond cieavage and bond for-
mation when the surface is heated above 230 K. ywelding two stable
intermediates on the surface. namely acetylide (CCH) and
ethylidyne (CCH,). The acetylide and ethylidyne decompose
beiow 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 desorption 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 in-
teracuon of chemmorbed acetylene with coadsorbed hydrogen. The
reactions of coadsorbed hydrogen and acetylene have been studied
previously on the hexagonaily close-packed Pr(111),* Pd(111),%
Rh(111),' and Ni(111)* surfaces and aiso on the stepped Ni-
(5(111) X (110)] surface.* Since the reactions of ethylene,'*!*
hydrogen.® 2 and coadsorbed ethylene and hydrogen® on Ru(001)
have all been studied previously with EELS and TDMS. this is
an obwiously desirable surface on which to conduct hydrogen and
acetylene coadsorption experiments. We report here the results
of such an investigation, also empioying both EELS and TDMS,
of acetylene coadsorption and reaction with presdsorbed hydrogen
on Ru(001). These results provide unambiguous evidence for the
hydrogenation of acetylene to ethylene under UHV conditions,
and they yield additional information that permits important
compansons Lo acetylene and ethylene decomposition on clean
Ru(001).

Il. Experimental Procedures

The EEL spectrometer and the UHYV chamber which houses it have
been described in dewl elsewhere. 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 3 in the elastically scat-
tered beam with an incident m beam energy of approximately 4
eV. All EEL spectra pr d and d d here were ed in the
specular direction, which was 60° from the surface normal. The angle
of acceprance of the cleciron energy analyzer was approximately 2°.

Thermal desorption mass spectr were performed
both in the EELS chamber and in 8 parate UHV chamber that has
been described clsewhere.” This UHV chamber was equipped with a
skimmer on the mas spec in order to mi the effecus of
desorpuion {rom the crystal edge (the area of which is approximately 8%
of the onented surface area) and the support leads. While most TDM
spectra collected in the EEL chamber (including those in Figures | and
J) employed a temperature base. the TDM spectra in this second cham-
ber were ume base spectra with a computesr llmtm for baseline sub-
traction, and this provided more All
coverages reported in lhnpwmuumnmmnm
The desorption peak temperatures reporied bere are accurate 1o within
approximately %5 K. and the heating rate was approuumately § K-+ in
all cases.

it t;J; Backx, C.. Willia, R. F.. Fewarbacher. B.. Finon, B. Swy. Sa. 1977,
. 516,
" ( 1;; Backx, C.. Fewsrbacher, B.. Finon. B.. Willa. R. F. Swry. Scv. 1977,
6J. 193,
(15) Hamual 3. Ci'S N Wael . B. J; Celota, R. J. J.
Chem_ Phys. 1981, 74, 4156,
(16) Parmeter, J. E., Hills,. M. M., Weinberg, W. H. J. Am. Chem. Soc.
1984, /08, 1563
(17) For comparison. the carbon—carbos stretciung (requencies of acsty-
lene. ethylene. and cthane in the gas phase are 1974, 162). and 995 cm™',
y. See. for Herzberg, G. /nfrared and Ramen Spectre
af Paly-m-m: Molecuies. Van Nostrand, New York, 1945,
(18) Bartenu. M. A.. Broughton, J. Q.; Menzel, D. 4ppi. Swry. Sci. 1984,
19, 92.
(19} Hills,. M. M. Parmezer. J. E.. Mullina, C. B.; Weainberg. W H. /. 4m.
Chem_Soc. 1986, 108, 1554,
(20) Shumizu, H.. Chrutmann, K. Ertl. G. J. Casal. 1988, 6/, 412.
(21) Barteau. M. A Broughion, J. Q.. Menzel. D. Surf Sai. 198), 84,
34
(22) Conrad. H.. Scala, R.. Stenzel W Unwin. R. J. Chem. Phys. 1984,
&1, 63N
123) Hills, M. M_; Parmeter, J. E.; Wenberg. W_H. J. Am. Chem. Soc.,
in press
(24) Thomas. G. E.. Weinberg. W H. Rev. Sc1 /mstrum. 1979, 50. 497
(25) Williams, E. D, Sobrero, A. C.. Wemnberg, W H. J. Chem. Phys
1982. 76, 1150
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Hz, CaHa, and Ha «CaH, / Ru(QQI)
| Ha Thermal Desorphon
Taen * 80K

(€) IOL Hye SL CoHy

MASS SPECTROMETER SIGNAL ,au

700 800

Figwre 1. The H, thermal 4 Iting after the Ru(001)
;ufmnlb[uup-w(n) oL H, (b) § LC,H, and (c) IOL
H, followed by 5 L C;H;. Note that the base line 13 not idenuical for the
three cases and that the abscissa is nonlinear. The abbreviation a.u.
denotes arbitrary units.

The Ru(001) crystals in both UHY chambers were cleaned by using
standard techmques of Ar® sputtering and annealing in oxygen.**
Surface cleanii was via EELS and TDMS in the EELS
chamber and via Auger electron spectroscopy and TDMS in the second
UHY chamber.

The H; and D; used in this study were obtained rom Matheson with
me.d”ms and 99.5%. respectively. These gases were
used further punfi and their mass spectra gave no indi-
cation of any impuntes. Previous mnd- of H; adsorpuon on Ru-
(001)*Z have shown that the uve at all tempera
tures examined (T Z 75 K), with the hydm adum giving rise to
very weak EELS loss femtures near 800 and 1150 cm™'. In addition to
the appearance of these loss (eatures. hydrogen 1d.|nfvuon on ciean
Ru(001) itad in an in the y of the el Ily scattered
peak (surface nn-:tnmy) by about a lactor of two, an effect which has
been noted y.?

The C,D, (99 atom % deuteriated) was obtained from MSD Isotopes
and used without further purificauoca. The C,H; was obtained from an
industnal acstylene tank (95% purity) and was purified as described
clsewbere.'* Both the C;H; and C,;D; showed mass spectral cracking
patierns that were virtually identcal with those reported in the litera-
ture,”® and no impurities could be detectsd in cither case. Thermal
desorption messurements were performed with C,D, in order to make
2 companson with the observed of ethyiene follownng acetylens
and hydrogen cosdsorpuon on Ru(001). The C,D, (99 2tom % dcuter-
iated) was also obrained from MSD Isotopes, and its purity was verified
via Mass SPeclromeLry.

Gas exposures were cffected by backfilling the UHV chambers
through leak valves. The stainiess steei vacuum lines leading to the leak
valves were flushed several times with the relevant gas pror to the in-
troduction of the gas into the UHYV chamber. All reported exposures
were measured with a Bayard—Alpert ionization gauge. uncorrected for
relative ionization probabilities. Exposures are reported in umits of
Langmurs, where | Langmuir s | L = 10™ torr-s.

IIL Resuits
A. Thermal Deserption Mass Spectrometry. Thermal de-

sorption mass spectra were measured for acetylene adsorbed at
80 K on the Ru(001) surface with varying coverages of pread-
sorbed hydrogen. Similar to acetylene adsorpuion on the ciean
Ru(001) surface,'* where hydrogen is the only thermal desorption
product from chemisorbed acetylene, 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 acetylene (other than
the desorpuion of condensed acetylene muitilayers at 95 K).
However, in contrast to acetylene adsorption on clean Ru(001).
small (<0.01 layer) of ethylene are observed to

(26) Thomas. G. E.. Weinberg. W H. J Chem. Phys. 1979, 70, 954

(27) Thiel. P A.. Weinberg, W H. J. Chem. Phys 1980, 7] 4081

(28) Cornu. A.. Massot. G. Compilation of Mass Speciral Dara: Havden
and Son Lid.. London, 1975
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desorb following acetylene adsorption on the Ru(001) surface with
a sufficent concentration of preadsorbed hydrogen. This indicates
clearly that chemisorbed acetylene and hydrogen adatoms can
react on Ru(001) under these conditions.

1. Hydrogea Thermal Desorption. Figure | 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 125 K with a shoulder
near 380 K. as shown in Figure la, and corresponds to a hydrogen
adatom fractional surface coverage of 0.85.% i.c.. 1.39 x 10"
atoms-cm™!. The hydrogen adatoms occupy exclusively threefold
hollow sites. and the peak splitting is due to adatom—adatom
interactions.® As may be seen in Figure | 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 approuimatety 480 and 800 K which displays three
weak maxima. The saturation fractional coverage of acetylene
adsorbed on ciean Ru(001) 1s 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 acetyiene is adsorbed.)

Comparison of spectra b and ¢ of Figure | shows that the
principal H, desorption peak is somewhat sharpened and down-
shifted by approximately 35 K. from 375 to 340 K. when the
Ru(001) surface is presaturated with hydrogen. This peak cor-
responds to ethylidyne decomposition. which on the hydrogen
precovered surface occurs at a slightly lower temperature than
on the clean surface (see section [[1.B). On the clean surface,
the peak at 375 K also invoives a small contnbution from hydrogen
adatomg that are formed when acetyiene decomposes to acetylide
and that do not react further to form ethylidyne. On the hydrogen
precovered surface, the peak at 340 K also involves substantial
amounts of preadsorbed hydrogen adatoms. Clearly visible on
both sides of the 340-K peak in Figure lc are shoulders which
are charactenstic of hydrogen desorption from the clean surface
and which result from the recombinative desorption of hydrogen
adatoms that are not influenced significantly by the presence of
coadsorbed hydrocarbon species. The leading edge of Figure Ic
is downshifted slightly relative to that of Figure 1a due to the
increased hydrogen adatom densiry 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 compiete below 500 K. these
features clearly resuit from reaction-limited hydrogen desorption
due to the decomposition of a surface hydrocarbon species. Our
previous EELS resuits for acetylene decomposition on Ru(001)
have shown that methylidyne is the only hydrocarbon species
present on the surface above 4C0 K.'* Consequently, hydrogen
desorption above 480 K is necessanily due to methylidyne de-
composition (or acetylene adsorpuion 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 temperature range for methylidyne
decomposition results from vanations in the local coverage of
carbon and methylidyne. Similarly, EEL spectra for coadsorbed
hydrogen and acetylene on Ru(001) demonstrate that methylidyne
is the only hydrocarbon species on the surface above 400 K.
Thereiore. in this case also, hydrogen desorption above 480 K is
due 10 methylidyne decomposiion. The amounts of hydrogen that
desorb between 480 and 800 K indicate 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.'* The higher desorpuon temperatures on
the iniually clean surface are probably due 1o a stabilization of
methylidyne by the higher concentration of coadsorbed carbon
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Figwre . Thermal desorption spectra resulting after the Ru(001) surface

at 80 K is exposed to | L H, followed by | L C,Ds (a) H,. (b) HD. and

(¢) Dy. Dashed lines are approximate baselines for the three spectra.

adatoms, which block surface sites that are necessary for car-
bon—hydrogen bond cleavage and also hinder hydrogen-hydrogen
recombination. The lower concentrauon of carbon adatoms in
the case of coadsorbed acetylene and hydrogen is a consequence
of the fact that preadsorbed hydrogen partially inhibits the ad-
sorption 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 acetviene
which adsorbs and decomposes to yield (eventually) H.(g) and
surface 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 Figure
la are subtracted from similariy time integrated TDM spectra
corresponding to Figure Ic, with no peak deconvolution required.
Since the only other desorption product resuiting from acetylene
adsorption on hydrogen presaturated Ru(001) is 0.01 monolayer
of ethylene (see section [11.A.2). this indicates that approximately
0.11 monolayer 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 substanually,
reducing the saturation acetylene coverage by approumately 60%.

Figure 2 shows H,, HD. and D, thermal desorpuon spectra from
a Ru(001) surface which has been exposed to | L of H; followed
by a subsaturation exposure of | L of C.D; at 80 K. A I-L
hydrogen exposure corresponds to 0.57 = 0.05 monolayer of
hydrogen adatoms. and the amount of C,D, that adsorbs 1s ap-
proximately 0.11 monolayer. The equivalent coverages of the
various hydrogen 1sotopes that desorb are approximately 0.22
monolayer of H,, 0.12 monolayer of HD. and 0.05 monolayer of
D;. Thus the sotopic mixing of hydrogen and deuterium 1s not
compiete: 2 purely staustical distnbution 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 1s that no D, and only a trivial amount of HD desorb below
230 K, the temperature at which acetylene decomposition begins
on both the ciean 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)
1s not facile on this surface. Second. small amounts of both H,

and HD are desorbed between 480 and 600 K. indicating the
decomposiuion of a CH methylidvne species. Thus. a small amount
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exposure on Ru(001). The C,D, thermal desorption spectrum
resulting from a saturation exposure of perdeuterioethylene on
Ru(001) is shown in Figure 3. Ethylene-d, is desorbed foliowing
H; and C,D, coadsorption only for 8y 2 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. Figure 3f
and ref 19], and the observauons that the desorption peak tem-
perature does not shift with increasing hydrogen adatom coverage
and occurs at nearly the same temperature as ethylene desorption
following ethylene adsorption on Ru(001)'* 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'* s™', an activation energy of desorption of ap-
proximately 10~11 kcal/mol is esumated.”

Comparmson 1o the thermal desorption spectrum for a saturation
expasure of chemusorbed C;D, on Ru(001). where approximately
0.06 monolayer of ethylene desorbs molecularly at 180 K, allows
the coverages of ethylene-d; that are desorbed 10 be estimated
for various hydrogen precoverages (to within approximately a
factor of two). For fractional hydrogen ges of 0.6, 0.75,
and 0.85, approximately 0.002. 0.005. and 0.0 monolayer of
C;H;D; are desorbed, respectively. Since approximately 0.10
monolayer of acetyiene 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 which
desorbs from Ru(001) following the of H; and C,D;.

00S0 200 280 300
TEMPERATURE, K
Figwre 3. Thermal desorption specira of CHDCHD (m = 30 amu)
recorded after the Ru(001) surface at 80 K is exposed to (2) 5 L C,H,,
(b) 0.4 L H, followed by 5 L C;D,, (¢) | L H, followed by 5 L C,D,,
(d) 1.4 L H, lollowed by 5 L C,D,, and (e) 10 L H, followed by 5 L
C,D;. In spectra b—e the imtial absoiute hydrogen adatom coverages are

approximately 0.15, 0.6.0.75, and 0.85, respectively. Spectrum [ shows

the CD,CD; (m = 32 amu) desorption that resuits followwng 2 5 L C,D,
exposure at 80 K. The apparent peak just above 100 K in spectra a—e
13 a spectrometer effect and shouid be ignored. Note that the abscissa
13 nonlinear.

(~0.01-0.02 monolayer) of the preadsorbed hydrogen adatoms
have reacted with a hydrocarbon species beiow 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 cov-
erage of 0.11 monolayer.

2 Ethylese Thermal Desorptien. Ethylene desorption following
the coadsorption of hydrogen and acetylene on Ru(001) at 830 K
was studied by using four combinations of hydrogen and acetylene
isotopes. namely H, + C,H,, H, + C,D,, D, + C;H;, and D, +
C;D,. Of these vanious combinations, H, + C,D, and D, + C,H,
are the most useful since the presence of different hydrogen

pes, in principle. all different isotopes of ethylene to be
desorbed. Consequently, the sotopes of ethylene that are observed
o desorb provide mechamistic 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,
13 the ieast 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 smail amounts
of C.H, difficult.

Thermai 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 Figure Ja—e. The surface was exposed to various Muxes of
hydrogen. as indicated. and then saturated with C,D,. The inital
hydrogen coverages were caiculated by comparing the amount
of hydrogen desorbed following a given exposure on the clean
Ru(001) surface 1o the amount desorbed following a saturauion

No d ble desorption (i.e.. <0.001 monolayer) is observed at
31 amu (C,HD,) or at 32 amu (C;D,). and only a very weak
features is observed at 29 amu which is due 10 the C,HD, cracking
fragment of ecthyiene-d,, rather than ethylene-d, (C,H,D).
Thermal desorption spectra of coadsorbed D, and C;H, on Ru-
(001) yield similar results: only ethylene-d, is observed as a
product. Thus,. it is clear that the ethylene desorption

at 175 K resuits from the reaction of chemisorbed molecular
acetylene with two preadsorbed hydrogen adatoms and that the
sequential addition of the two hydrogen atoms is irreversible.
B. Electrea Esergy Loss Spectrescopy. As noted in section

I, bydrogen adsorption on Ru(001) has been invesugated previ-
ously with EELS.*'#? 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.'*'* The molecular chemisorption of acetylene on ciean
Ru(001) beiow 230 K produces a very nearly sp® hybndized 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) hmdml modes
at 765 (565) and 980 (715) em™': a carbon—carbon mode
at 1135 (1085) cm™'; and a CH (CD) stretching mode at 2940
(2210) em™'.'* The EEL spectra for saturation exposures of C,;H,
and C,;D; on Ru(001), corresponding to approximately 0.25
monolayer of chemisorbed acetylene, are shown in Figure 4a and
b. The spectra in Figure 4 also show loss features due to small
a (<0.01 layer) 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 spemn of chem-
1sorbed acetylene or its d
Also shown in Figure 4 are EEL spxtn of C,H, adsorbed on

a hydrogen presaturated Ru(001) surface (¢) and of C,D, ad-
sorbed on a deuterium presaturated Ru(001) surface (d). The
major difference between these spectra and those of Figure 4a
and b 1s the appearance of 2 new vibrational mode. which occurs
at 1440 cm ™' for coadsorbed H; and C,H, and at 1175 em™' for
coadsorbed D, and C;D;. The frequency of this mode 1s in the
range charactensuc of a CH, (CD,;) scissoring vibration. and the
observed [requency shift upon deuterium substitution [8 (CH,)/é
(CD,) = 1.23) confirms this assignment. This indicates that a
new surface species has been formed containing a CH; group.

(29) Redhead, P A Vacuum 1961, 203
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Figwre 4. The EEL spectra that result when the Ru(001) surface at 80
K 1s exposed 10 (a) 5 L C,H,. (b) 5 L C;D,. (¢) 10 L H, flollowed by $
L C,H,, and (d) IoLD,rdb-dby! LC.D-,mﬂth-mnnhlw 150
K and recooled to 80 K pnor to i Spectra a and bare
charactensuc of molecularly chemmorbed acstylene. while spectra ¢ and
d show (eatures ch suc both of ch bed acetylene and CHCH,
(CDCD;). [n spectra ¢ and d. the low-{requency metal=carbon modes
are not resolved due to the somewhat poorer cutolT of the elastic peak.
The apparent shift of the mgh-(requency metal~carbon mode in spectrum
¢ compared to spectrum a s not very reproducibie and may aiso be due
to the poorer elastic peak cutoll.

which 1s in agreement with our TDMS results showing ethylene
desorption at 175 K. However, the EEL spectra of Figure 4 and
d are not due to chemisorbed cthylene (or a combination of
chemsorbed ethylene and acetylene), as judged by a comparison
with previous studies of ethylene adsorption on Ru(001).'*'* The
CH, scissoring mode is thus assigned to an »*-CHCH, species,
the logical intermediate in the hydrogenation of acetylene to
cthylene. (The n° 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
cise regarding the structure of CHCH,.) An »'-CHCH, species
containing a carbon-carbon double bond (vinyl) s ruied out due
1o the lack of a carbon—carbon stretching mode above 1500 cm™!

Other CH,-containing species such as »*-CCH, or CH, (meth-
vlene). that require the breaking of carbon-hydrogen or car-

Parmeter et al.

bon—carbon bonds of acetylene in order 1o be formed. are excluded
in view of the observed lack of H/D exchange below 230 K, the
fact that CH bonds of chemisorbed acetylene are not broken below
230 K on ciean Ru(001), and the observed lack of carbon—carbon
bond cleavage below 340 K.

Since the modes charactenstic of chemisorbed acetylene are
still present in Figure 4c and d, the surface contains a mixture
of chemisorbed acetylene and »*-CHCH, after annealing to 150
K. This observauon is in agreement with previous resuits for
hydrogen and acetylene coadsorption on the stepped Ni[5(111)
x (110)] surface, where the appearance of a § (CH;) mode at
150 K was taken as evidence for the formation of a mixed overtayer
of CHCH,;, and chemisorbed acetylene.* The n*-CHCH, should
also give rise to CH; wagging, twisting, and rocking modes, which
would be expected, respectively, near 1150, 900. and 775 cm™',
based on a comparison 10 chemisorbed ethylene on Ru(001)."*
These modes are not resoived due to overlap with various modes
of chemisorbed acetylene (or, in some cases, perhaps because they
are intrinsically weak). However, spectra ¢ and d of Figure 4 do
exhibit slight changes in the frequencies and relative intensities
of some modes compared 10 spectra a and b, and these differences
are no doubt due at least partially to the presence of additional
modes of *-CHCH), that are not well-resolved. This may*very
well also be the reason for the relatively poorer resolution in the
750~1150 cm™' region of spectrum ¢, compared to spectrum a.

Further bydrogenation of 7*-CHCH), and desorption of ethylene
occurs between |50 and 250 K, as indicated by the thermal de-
sorption results of Figure 3. EEL spectra show that a small
amount of w*-CHCH,; is present on the surface at 200 K. but that
it is completely gone by 250 K. Molecularty 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).'* The acetylide is characierized
primarily by a strong CH bending mode at 750 cm™, while
ethylidyne s characterized by modes of nearly equal intensity at
1140 [ CC)] and 1360 [4, (CH,)] 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 10 acetylide is approximately 3:2, as estimated from
EEL spectra whaich are virtually identical with those resuiting from
ethylene decomposition for saturation ethylene coverages on clean
Ru(001)." 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 acetylene 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 charactenized by the following vibrational modes:
a ruthenium—carbon stretch at 440 (415), a CH(CD) bend at 300
(615), and a CH(CD) stretch at 3010 (2255) em™. When C,H,
13 adsorbed on a hydrogen presaturated Ru(001) surface and the
surface is annealed 10 these same temperatures, the same CH
species is formed in smaller concentrations, as discussed in section
IIILA.l. 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 deuteriated (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
15 in agreement with our thermal desorption resuits, and provides
unequivocal evidence for the incorporation of preadsorbed hy-
drogen into the hydrocarbon adlayer. The mechanisms of the
incorporation of preadsorbed hydrogen into various hydrocarbon
species will be d ed in a sub: publication.®®

(30) Parmeter, J E.. Hills, M M., Weinberg, W H.. manuwscript in
preparation
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IV. Discussion

All the TDMS and EELS results reported here are consistent
with the partial hydrogenation of acetylene on a hydrogen pre-
saturated Ru(001) surface to produce low concentrations of a
CHCH, species and ethylene. The CHCH, is a stable interme-
diate in the synthesis of ethylene, and the ethyiene formed desorbs
near 175-180 K. as does ethylene that desorbs following ethylene
adsorption. Furthermore, the data prove that the formation of
bath CHCH, and ethylene results from the reaction of preadsorbed
hydrogen with chemisorbed acetylene and not from a dispro-
portionation reaction invoiving hydrogen adatoms that originate
from acetylene decomposition. (This is not surprising since neither
CHCH, nor cthyiene is observed via EELS or TDMS in the
absence of preadsorbed hydrogen, and because chemisorbed
acetylene is stabie on the ciean surface 10 230 K.) Acetylene that
is not hydrogenated to ethylene decomposes to acetylide and
ethylidyne near 230 K as on the clean Ru(001) surface. aithough
the ratio of ethylidyne to acetylide is increased. The data aiso
indicate that H/D exchange does not occur to an appreciabie
extent between chemisorbed acetylene and preadsorbed hydrogen
on this surface. 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.

Coadsorbed hydrogen and acetylene react near room temper-
ature to form ethylidyne on the Pt(111),* Pd(111).*” and Rh-
(111)'° surfaces. Ethylidyne is also produced. along with acetylide.
as a decomposition product of acetylene on both Pd(111)" and
Ru(001)."* The reactions o(cn:dsorbad mylm and hydrogen
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been identified in the organometailic complex Os,(CHCH,)-
(H)(CO),o which is a-bonded to one osmium atom with a »-bond
to a second osmium atom.’? The carbon atoms of the CHCH,
ligand are intermediate between sp’ and sp* hybridization with
strongly coupied » (CC) and § (CH;) modes at 1310 and 1476
cm™'. Although these precedents might suggest a CHCH, species
with at least some double bond character, we belicve that the
CHCH, species formed on Ru(001) is more nearly sp’ hybndized.
The lack of any carbon—hydrogen stretching mode above 3000
cm™' or any carbon—carbon streiching mode above 1200 cm™ is
suggestive of sp’ hybridization. although this is not conclusive
because these modes could be 100 weak 1o 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 wouid be expected
to have a similar structure. Such an #*-CHCH), species would
have both carbon atoms bonded directly to the surface, with the
carbon-carbon bond either parallei or (more likely) siightly skewed
with respect to the surface plane.

As stated previously, the decompasition prod of chemusorbed
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
rauo of these two decomposition products 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 methyiidyne
[which forms primanly (or exciusively) from acetylide. rather than
ethylidyne, decomposition'®-'?] decomposing on the hydrogen
precovered surface. Another difference between the clean and
hydrogen presaturated surfaces is the slightly higher decomposition

below 200250 K. h er, have r hat less att

temperature of ethylidyne on the clean surface, which is evident

On Ni(111). coadsorbed hydrogen and acetyiene do not react
below 250 K.* Experiments performed on Pt(111) are somewhat
inconclusive. A recent TDMS study has reported ethyiene de-
sorpuon at 250 K following H, and C,H, coadsorption on this
surface,’! whereas a previous EELS nudy repumd that coadsorbed
hydrogen and acetylene do not react on P(111) below 280 K, at
which temperature ethylidyne is formed.*

Hydrogenation of acetylene to CHCH; has been observed with
EELS. however, for coadsorbed hydrogen and acetylene at 150
K on the stepped Ni[S(111) % (110)) surface.* 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 section [I[.B. The ru-
thenium 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 10 dehydrogenate
acetylene. On the clean nickel surface, acetylene has been found
to dehydrogenate partially even at 150 K.* while chemisorbed
acetylene is stable to 230 K on Ru(001). Unfortunately, no
thermal desorption data are availabie for the nickel surface, so
it 1s not known whether any ethyiene 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 cthylene formed from acetylene
hydrogenation on Ru(001) is produced via a CHCH, intermediate,
the bonding and hybndization 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 in Ni{5(111) x (110)] was assigned. on the basis
of a CH, stretching mode at 3050 cm"™', as being sp? hybridized.
although no »(CC) mode was identified.* A CHCH, ligand has

’JJI; Megins. C. E.; Berfowitz. P Butt. J. B.: Kung, H. H. Surf Sci. 1988,
159, 184

(32) Andrews. J R.. Kettle.S. F A_; Poweil. D. B.: Sheppard. N /norg
Chem. 1982, 1. 2874

in both EEL and TDM spectra. This is due to the lower con-
centration of hydrocarbon species on the hydrogen presaturated
surface.

V. Coaclusions

The adsorption of acetylene on Ru(001) with preadsorbed
hydrogen has been studied by using high-resolution electron energy
loss spectroscopy and thermal desorption mass spectrometry. The
principal conciusions of this work may be summarized as follows.

|. The dissociative adsorption of hydrogen on Ru(001) inhibits
the subsequent adsorption of acetylene. 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 to0 0.11 monolayer on the hydrogen presa-
turated surface with 8 = 0.85).

2. Hydrogen thermal desorption spectra [ollowing the ad-
sorption 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 resuiting from acetylene decomposition is downshifted by
35 K from 375 to 340 K. This is the result of a slightly lower
decomposition temperature for ethylidyne (one of the two major
decomposiuon products of acetyiene) on the hydrogen presaturated
surface.

3. Thermal desorption spectra of H,, HD. 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 following adsorption on
either the clean Ru(001) surface or the Ru(001) surface with
vanous coverages of carbon adatoms. Electron energy loss spectra
show that the stable hydrocarbon species leading 1o H; and HD
desorption above 480 K is methylidyne. No D, and only a tnvial
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 hydrogen is incorporated into surface hydrocarbon
species by H/D exchange between preadsorbed hydrogen and one
or more of the decomposition products of acetylene.

4. Following saturation acetviene exposures on hydrogen
presaturated Ru(001). approximately 0.01 monolayer of ethyiene
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desorbs from the surface at 175 K. Thus. ethylene desorption
accounts for approumately 9% of the chemisorbed acetylene under
these conditions. Furthermore. the coadsorption of H, and C,D,
shows that the desorbed ethyiene consists entirely of mass 30, i.c..
CHDCHD. implying that ethyiene formation results from the
reacuion of two preadsorbed hydrogen adatoms with molecularly
chemisorbed acetylene. Ethylene formation and desorption is
observed only if the initial coverage of hydrogen adatoms exceeds
approximately 70% of saturation (about 0.6 monolayer). No other
hydrocarbons desorb from Ru(001) following hydrogen and
acetylene coadsorpuon at 80 K ( m for d d multilayers
of acetylene).

5. Electron energy loss spectra show that at 150 K the hy-
drocarbon adphase 1s a2 mixture of molecularly 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 |75 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, aithough the rauo of ethylidyne to acetylide is increased.
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CHAPTER IV

The Chemistry of Acetylene on the Ru(001)-p(2x2)-O
and Ru(001)-p(1x2)-0O Surfaces
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Abstract

The chemisorpuon and decomposition of acetylene on Ru(001) surfaces with ordered p(2x2) and
p(1x2) overlayers of oxygen adioms has been studied using high-resolution electron energy loss spec-
troscopy and thermal desorption mass spectrometry. The chemisorbed acetylene species formed on
these oxygen precovered surfaces are not significantly different from molecularly chemisorbed acetylene
on clean Ru(001), although one of the two types of chemisorbed acetylene formed on the clean surface
is not formed on Ru(001)-p(1x2)—0. The preadsorption of oxygen reduces the saturation coverages of
chemisorbed acetylene, which is approximately 0.39 on clean Ru(001), 0.31 on Ru(001)-p(2x2)-O and
0.09 on Ru(001)-p(1x2)-0O. As on clean Ru(001), the chemisorbed acetylene on the oxygen-precovered
surfaces does not desorb upon annealing but rather decomposes between 200 and 350 K to produce a
number of stable intermediates These intermediates include ethylidyne (CCHa,), acetylide (CCH), methy-
lidyne (CH), and an sp>-hybridized vinylidene (CCH,) species. The vinylidene is formed in particularly
large amounts on Ru(001)-p(2x2)—0 after annealing to 350 K, and appears to be stabilized stongly by
the presence of coadsorbed oxygen because it is formed not at all or in trivial amounts on clean
Ru(001). The stability, formation and decomposition of the various intermediates is discussed. The
decomposiuon of all of these intermediates leads eventually 1o hydrogen desorption, which is complete

on both oxygen-precovered surfaces by approximately 700 K.
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I. Introduction

The chemistry of acetylene on clean, single crystalline transition metal surfaces has received a
great deal of attention during the past decade (1-4). We have previously used high-resolution electron
energy loss spectroscopy (EELS) and thermal desorption mass spectrometry (TDMS) to study the
adsorption and decomposition of acetylene on clean Ru(001) (2), concluding that molecularly chem-
isorbed acetylene is very nearly sp>-hybridized on this surface and that it decomposes near 250 K to
produce a mixture of acetylide (CCH) and ethylidyne (CCHjs), both of which decompose between 350
and 400 K to yield methylidyne and surface carbon. The methylidyne decomposes between 500 and
700 K, and hydrogen desorbs from the surface between approximately 250 and 700 K. We have also
studied the coadsorption of hydrogen and acetylene on Ru(001) (3), showing that small amounts of ace-
tylene can be hydrogenated to ethylene via an intermediate inferred to be an sp>-hybridized vinyl

(CHCHy) species.

More recently, Jakob et al. (4) have also studied acetylene adsorption on clean Ru(001), and have
shown that the molecularly chemisorbed phase below 200 K consists of two species, designated Type 1
and Type II acetylene. The former exhibits a rather strong v(CC) EELS loss feature near 1130 cm™,
while the latter gives rise to strong CH bending loss features near 760 and 980 cm™. They also
obtained a higher saturation acetylene coverage (0.43 monolayer vs. our 0.27 monolayer) and reported a

number of similarities and minor differences in the interpretation of acetyelene decomposition.

The preadsorption of oxygen induces dramatic changes in the bonding of molecularly chem-
isorbed ethylene on several metal surfaces. On clean Pd(100) (5), Fe(111) (6), Pt(111) (7) and Ru(001)
(8-10), ethylene is di-c-bonded with rehybridization to sp>. However, in the presence of a sufficient
concentration of preadsorbed oxygen adatoms, it bonds to all of these surfaces in a m-bonded
configuration, retaining its sp® hybridization. It is thus of interest to study the coadsorption of oxygen
and ace£ylene on Ru(001), in order to determine whether the electron-withdrawing oxygen adatoms
induce similar changes in the bonding of acetylene. The coadsorption of oxygen and acetylene has
received surprisingly little attention in the past (11). The large data base now available concerning the

adsorption of ethylene (8-10,12-13) and acetylene (2-4) on clean and chemically modified Ru(001) sur-



25.

faces makes this surface an ideal one on which 10 investigate this issue. Accordingly, we report here an
EELS and TDMS study of acetylene adsorpton and decomposition on two different oxygen-precovered

Ru(001) surfaces. Oxygen adsorbs dissociatively on Ru(001) at 80 K, and the oxygen adatoms occupy

threefold hollow sites exclusively (14).

The two oxygen-precovered surfaces we have chosen to investigate are the well-characterized and
reproducible Ru(001)}-p(2x2)~0O and Ru(001)-p(1x2)-O surfaces. Figure 1 shows the structures and
EEL spectra of these surfaces. The p(2x2) oxygen adatom overlayer corresponds to an oxygen adatom
coverage of 0.25 relative 1o the surface concentration of ruthenium atoms, which is 1.58 x 10'® cm™
(15). The p(1x2) oxygen adalom overlayer corresponds to an oxygen adatom coverage of 0.5, which is
the saturation coverage of oxygen adatoms that can be obtained by exposing the Ru(001) surface to
oxygen gas under ulirahigh vacuum (UHV) conditions. The electron-withdrawing effect of the oxygen
adatoms increases the work function by 0.2 eV in the case of the p(2x2) overlayer and 1.06 eV in the
case of the p(1x2) overlayer (14). While clean Ru(001) is characterized by a featureless EEL spectrum,
the ordered oxygen overlayers give rise 0 distinctive vibrational loss features (16). On
Ru(001)-p(2x2)-0, an intense loss feature occurs at 535 cm™' due o the vibration of the oxygen
adatoms perpendicular to the s‘urfacc. v,(RuO). A loss feature is also present at 250 cm™ due to the
coupling of the oxygen adatom vibrations to a ruthenium surface phonon. The corresponding loss
features on Ru(001)-p(1x2)~O occur at 585 and 240 cm™!, and an additonal loss feature due to the
asymmetric ruthenium-oxygen strewching vibration, v,(RuO), occurs at 430 cm™. The laner mode
involves moton of the oxygen atoms largely parallel to the surface, but not entirely so due o the cou-
pling of this mode 0 v,(RuO). It should be pointed out that the real (i.e. non-ideal) p(1x2)-O overlayer
actually consists of three types of independent and otherwise identical domains that are rotated 120°
with respect to one another. Where these domains meet there will be small areas that are re]ativgly

oxygen-deficient, and which may exhibit chemistry more typical of the p(2x2)-O overlayer.

. Experimental Procedures

Most of the pertinent details concerning the EEL spectrometer used in these studies and the UHV

chamber housing it have been described elsewhere (17). In our previous study of the chemistry of
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acetylene on clean Ru(001) (2), the thermal desorption measurements were performed in a separate
UHV chamber (18) which also contains a Ru(001) crystal but which was more specifically designed to
perform thermal desorption measurements. In this chamber, the crystal-to-mass spectrometer distance
was much less than in the EELS chamber, and the mass spectrometer was interfaced to a computer
which allowed the simultaneous monitoring of up to six different masses in thermal desorption spectra.
The mass spectrometer in this chamber also had an attached skimmer to better distinguish desorption
from the crystal face from desorption from crystal edges, support leads, etc. Since a more recent study
of acetylene on Ru(001) (4) has reported qualitatively similar but quantitatively different thermal
desorption results than those we obtained in our previous study, we have performed numerous addi-
tional thermal desorption measurements with acetylene in both of our UHV chambers. This has led to
the conclusion that faulty computer software did indeed lead, in our previous study (2), to a calculated
saturation coverage of acetylene that was too low by approximately 30%. Therefore, all of the thermal
desorption measurements in the present study were performed in the same UHV chamber that houses

the EEL spectrometer.

The acetylene and oxygen used in these studies, and their handling, have been discussed else-

where, as have the cleaning and cooling of the Ru(001) crystal (2,10).

ITI. Results
A. Thermal Desorption Mass Spectrometry

Following large acetylene exposures on Ru(001)-p(2x2)-O and Ru(001)-p(1x2)-O at 80 K, only
H;, CO and multilayer acetylene are observed to desorb when the surface is annealed from 80 K to
above 900 K. Multlayer acetylene desorbs near 95 K. The acetylene multilayers were discussed in

detail previously (2) and will not be considered further here.

Figure 2 shows the hydrogen (m/e = 2 amu) thermal desorption spectra that result following 5 L
C,H; exposures to (a) clean Ru(001), (b) Ru(001)-p(2x2)-0O and (¢) Ru(001)-p(1x2)-0O at 80 K. On
all three surfaces, hydrogen desorption is complete near 700 K, and the onset of desorption is near 250

K on clean Ru(001), near 215 K on Ru(001)-p(2x2)-0, and near 300 K on Ru(001)-p(1x2)-0O. Each
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spectrum shows a relative minimum in the rate of H, evolution near 450480 K, and the percentage of
H, desorbing below this minimum is estimated to be approximately 55-60% on clean Ru(001), 45-50%
on Ru(001)-p(2x2)-0, and 20-40% on Ru(001)-p(1x2)—0. Note that the value for clean Ru(001) is

lower than our previously published value of 75% (2).

The saturation coverage of acetylene on each surface following adsorption at 80 K was estimated
by comparing the integraied intensities of the thermal desorptuion spectra of Fig. 2 with the integrated
intensities of H, thermal desorption spectra measured following saturation (10 L) hydrogen exposures 1o
clean Ru(001) (the lauer of which were obtained immediately prior w the oxygen and acetylene expo-
sures). For clean Ru(001), a saturation hydrogen adalom coverage of 0.85 was assumed in accordance
with the previously published value of Shimizu et al. (19). The resulting saturation acetylene cover-
ages, which are accurate 10 approximately +0.05 monolayer, are 0.39 monolayer on clean Ru(001), 0.31
monolayer on Ru(001)-p(2x2)-0O, and 0.09 monolayer on Ru(001)-p(1x2)~0O. Note that the value of
0.39 on clean Ru(001) ‘is higher than our previously published value of 0.27 (2), which we now believe
to be in error. Note also that our coverages must be multiplied by 1/0.85 = 1.18 in order to be com-
pared directly to the clean surface coverage in Ref. 4, since a saturaton hydrogen adatom coverage of

unity was assumed in that study.

Following exposures of acetylene on Ru(001)-p(2x2)-0O and Ru(001)-p(1x2)-0O, the desorption
of carbon monoxide was also observed due to the recombination of carbon (formed from acetylene
decomposition and oxygen adatoms. This desorption occurred between approximately 450 and 780 K
on both surfaces, with a peak desorption temperature of approximately 620 K. Since the relative uncer-
tainty in our determination of the saturation acerylene coverage on Ru(001)-p(1x2)-O us.ing hydrogen
thermal desorpuon is quite large (0.09 = 0.05), we atiempted 10 measure the amount of CO desorbed
from this surface following a saturation acetylene exposure. Since a sloping background is always
present in mass 28 thermal desorption spectra obtained in our chamber due to the presence of CO in the
charnbc; background, and since the recombinatively desorbed CO desorbs over a broad temperature
range, this estimate is rather crude. However, a reasonable baseline could be obtained by performing a

mass 28 thermal desorption spectrum after exposing the clean Ru(001) surface to a saturation acetylene
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exposure at 80 K (where no recombinative CO desorption occurs), and subtracting this baseline from
the mass 28 thermal desorption spectrum for C,H, on Ru(001)-p(1x2)—O. The remaining integraied
intensity was compared to that obtained for a mass 28 thermal desorption spectrum following a satura-
uon CO exposure on clean Ru(001) at room temperature, where the carbon monoxide coverage is
known 1o be approximately 0.68 (20). The result obtained is that approximately 0.17 monolayer of CO
desorbs recombinatively, corresponding to an acetylene coverage of approximately 0.08, in very good

agrezment with the H; thermal desorption result.
B. Electron Energy Loss Spectroscopy
i. Molecularly Chemisorbed Acerylene on Ru(001)-p(2x2)-O

Figure 3 shows the EEL spectra that result when the Ru(001)-p(2x2)-O surface at 80 K is
exposed to (a) 0.2 L C3H,, (b) 2 L C;H; and (¢) 2 L C;D,. The specurum of Fig. 3(a) is dominated by
Type I acetylene and is similar w0 previous results obtained for low coverages of chemisorbed acetylene
on clean Ru(001) (4), with the dominant loss features being V(CC) (1110 cm™) and v(CH) (2990 cm™).
The frequencies of these modes are very similar to their clean surface values, with v(CH) being slightly
(approximately 40 cm™') upshifted. The weak shoulder that is present at 730 cm™' indicates the pres-
ence of a very small amount of Type II acetylene as well. At a near sawration exposure [cf. Fig. 3(b)],
much more Type II acetylene is clearly present, as evidenced by the CH bending loss features at 740
and 960 cm™. The EEL spectrum of Fig. 3(b) is very similar 1o that obtained for a saturation acetylene

exposure on Ru(001) at 80 K followed by annealing to 150 K (2). The shoulders near 420 and 470

cm™ in Fig. 3(a) and (b) probably derive intensity mainly from the RuC stretching modes of the chem-
1sorbed acetylene, although contributions from v,(RuO) due to p(1x2)-like defects in the p(2x2)-O over-
layer cannot be excluded in (b) (16). The EEL spectrum of Fig. 3(c) is due to a near saturation cover-
age of deuterated acetylene on Ru(001)-p(2x2)-0, and again clearly shows a mixture of Type 1 [V(CC)
= 1100 cm™) and Type I (CD bend as a shoulder at 680 cm™, downshifted from 960 cm™ in C,;Hj)
acetylene. The strong CD bend of the Type II acetylene is downshified from 740 cm™ in C,H; to

approximately 565 cm™' (2,4), overlapping with the v,(RuO) and v(RuC) loss features, and forming a

broad feature centered at 525 cm™. As with C,H,, the frequencies of the observed loss features for
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both types of C,D, are shifted very slightly, or not at all, compared to the clean surface.

It should be noted that the relative amounts of Type I and Type II acetylene formed on
Ru(001)-p(2x2)-0O following a saturation C,H, exposure at 80 K were found to be somewhat variable.
The intensity of the Type I acetylene v(CC) loss feature at 1130 cm™! varied from being approximately
as intense as the Type II CH bending mode at 960 cm™ [as in Fig. 3(b)] to only about a third as
intense in some other spectra. The latter probably correspond to surfaces with oxygen adatom cover-
ages slightly greater than (.25, so that small areas of the surface have a p(1x2)-O rather than a p(2x2)-
O structure. The formation of a complete p(1x2)-O overlayer blocks the formation of Type I acetylene

completely (cf. Sec. IILB.ii).

The chemisorbed acetylene on Ru(001)-p(2x2)-O is stable below 200 K, beginning to decompose
in the temperature range between 200 and 250 K. Thus, the chemisorbed acetylene is not stabilized

compared to the clean surface, where decomposition begins near 230 K (2).
ii.  Molecularly Chemisorbed Acetylene on Ru(001)-p(1x2)-O

Electron energy loss spectra of acetylene adsorbed on Ru(001)-p(1x2)-O are shown in Fig. 4.
The most prominent result, evident in Fig. 4(a), is that even for very low coverages, only Type II ace-
tylene is formed, as evidenced by the lack of the characteristic v(CC) loss feature near 1130 cm™ of
Type I acetylene (4). Occasionally, a very weak peak was observed near 1130 cm™ (approximately
one-tenth as intense as the 960 cm™ loss feature of Type II acetylene), due, presumably, to an oxygen
adatom coverage of slightly less than the ideal p(1x2) coverage of 0.5, or to the formation of Type I

acetylene at p(1x2)-O domain boundaries.

The spectrum of Fig. 4(b) corresponds to a saturation coverage of C,H; on Ru(001)-p(1x2)-O.
The surface was annealed briefly to 120 K following acetylene adsorption at 80 K in order to desorb
small amounts of multilayer acetylene. Again, only Type II acetylene is present, displaying the charac-
teristic CH bending modes at 755 and 970 cm™ and v(CH) at 3000 cm™'. The carbon-carbon stretch is
also resolved as a weak loss feature at 1220 cm™. We were not able to resolve this loss feature on
clean Ru(001) or Ru(001)-p(2x2)-0O, most likely due to overlap with the v(CC) loss feature of Type I

acetylene, but the frequency observed here is quite close to the frequency of 1260 cm™ reported by
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Jakob et al. for clean Ru(001) (4). Finally, there is a very intense loss feature at 530 cm™ which is
assigned as a ruthenium-carbon streiching mode of the adsorbed acetylene. Similar frequencies have
been observed for this mode on clean Ru(001) (2,4), although this loss feature was not nearly so intense

in those cases.

Figure 4(c) shows the EEL spectrum that results when the Ru(001)-p(1x2)-O surface is exposed
10 2 L of C,D, at 80 K, followed by annealing to 120 K to remove any multilayer acetylene. The only
loss features of the chemisorbed acetylene that are resolved clearly are v(CD) at 2230 cm™ and V(CC)
at 1190 cm™, which are due to Type IT acetylene. The downshified CD bending modes, the RuC

stretching modes and the v,(RuQ) mode all overlap, froming a broad loss feature centered at 565 cm™,

Both EELS and TDMS results indicate that chemisorbed acetylene begins 1o decompose near 300

K on Ru(001)-p(1x2)-0. It is thus stabilized significantly compared to the clean Ru(001) surface.
iii. Decomposition of Chemisorbed Acerylene on Ru(00!)-p(2x2)-0O

A series of EEL spectra obtained following the adsorption of 2L of C;H; on Ru(001)-p(2x2)-O
at 80 K followed by annealing to various temperatures is shown in Fig. 5. In the discussion that fol-
lows, it is useful 10 refer 10 Table I, which summarizes the vibrational spectra of species identified pre-
viously in the decomposition of acetylene and ethylene on various Ru(001) surfaces (2-4,8-13). As
noted previously, decomposition begins berween 200 and 250 K, and annealing from 80 to 250 K
causes several changes in the EEL spectrum. The loss features due to Type II acetylene decrease in
intensity, the loss feature near 1135 cm™ increases in intensity, and new loss features appear ai 1345
and 1415 cm™. The loss feature at 1345 cm™' and the increase in intensity of the 1135 cm™ loss
feature are attributed o &,(CH;) and v(CC) of ethylidyne. Since ethylidyne (CCH,) contains more
hydrogen atoms than acetylene, a dehydrogenation product must also be present. Indeed, acetylide
(CCH) is present but cannot be unambigously resolved in Fig. 5(b) because its characteristic CH bend-
ing loss feature occurs at nearly the same frequency (approximately 750 cm™) as the intense CH bend
of Type II acetylene. Finally, the loss feature at 1415 cm™ is due in part to §,(CH,) of ethylidyne,
although its intensity suggests the presence of a 8(CH;) mode due either 10 a vinyl (CHCHjy) or, more

likely, to a vinylidene (CCH,) species. Note that litde, if any, Type I acetylene has decomposed by
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250 K. Annealing to 300 K results in the formation of additional ethylidyne and a stong decrease in
the intensity of the Type II acetylene CH bending mode near 955 cm™, which indicates clearly that the

765 cm™! loss feature of Fig. 5(c) is due primarily to acetylide rather than Type II acetylene.

Much more pronounced changes occur when the surface is annealed from 300 to 350 K. Strong
loss features appear at 1435, 885 and 435 cm™! which are due to the formation of an spz-hybridizcd
vinylidene species which we have identified previously as a decomposiuon product of ethylene on
Ru(001)-p(2x2)=0 (9,10). The mode assignments are v(CC) and &CH,) (uncoupled), 1435 cm™;
w(CH,), 885 cm™; and v(Ru-CCHy), 435 cm™. Some ethylidyne is also present as evidenced by the
loss features at 1125 and 1320 cm™, and, in fact, the amount of ethylidyne seems to be reduced only
slightly compared to the 300 K spectrum, as evidenced by the intensity of the laner mode. The loss
feature at 775 cm™ is due w0 8(CH) of acetylide. The 995 cm™ loss feature is more problematic; both
vinylidene [p(CH,)] and the ethylidyne [p(CH,)] have loss features that occur near this frequency, but
both of these modes are usually quite weak. It appears that virtually all of the chemisorbed acetylene
has decomposed by 350 K. The 955 cm™ loss feature of Type IT acetylene has disappeared completely,
and the decomposition of Type I acetylene is indicated by the large decrease in the intensity of the loss
feature near 1140 cm™ upon annealing from 300 to 350 K. It is interesting to note that the decomposi-
tion of the Type 1 acetylene correlates with the appearance of the strong modes due to sp®-hybridized
vinylidene.

Annealing 1o 380 K results in the decomposiuon of much of the vinylidene, an upshift in the
center of the peak near 3000 cm™ due o CH streiching modes, and the development of a broad loss
feature centered at 810 cm™'. The last feature grows in intensity upon annealing to 450 K, while all of
the loss features due to vinylidene disappear, and loss features remain at 980, 1150 and 1370 cm™.
While these last three modes are due primarily to ethylidyne, they are quite broad, and contributions
from the carbon-carbon streiching vibrations of C, dimérs or other forms of surface carbon cannot be
excluded (4,12). In fact, a corresponding EEL spectrum for C2D; on Ru(001)-p(2x2)~O annealed to
450 K shows a broad, weak loss feature at 1315 cm™ due o some type of carbon-carbon stretching

mode(s). Annealing to 600 K leaves only the v,(RuO) loss feature at 530 cm™, the loss feature at 805
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cm™ (now rather sharp), and a CH stretching loss feature at 3050 cm™. The loss features at 805 and

3050 cm™’ have been assigned previously to the 8CH) and v(CH) modes, respectively, of an inclined
methylidyne (CH) species (2,8,12).

Finally, annealing to 800 K causes all of the methylidyne to decompose and the oxygen 1o be
titrated away [as CO(g)] by surface carbon, leaving very weak loss features near 445 and 595 cm™
which are due to surface carbon. These EELS results are in good qualitative agreement with the ther-

mal desorpuon results, of which the laner show the desorption of H; to be complete near 700 K.
iv. Decomposirion of Chemisorbed Acerylene on Ru(001)-p(1x2)-0

The decomposition of acetylene on Ru(001)-p(1x2)—O was also investigated, and a series of EEL
spectra obtained following a 4 L exposure at 80 K with annealing to various temperatures is shown in
Fig. 6. It is clear from inspection of Fig. 6 that many of the same decomposition products occur that

are formed on Ru(001)-p(2x2)-0, and we note here only some of the more interesting differences.

Probably the n;osl striking difference is that much less sp>-hybridized vinylidne is formed than on
Ru(001)-p(2x2)-0O. In the 350 K EEL spectrum [Fig. 6(d)]. loss features are present at 1420, 910 and
450 cm™ which can be atuributed entirely or in part 1o this species, but in comparison to the remaining
loss features in the spectrum these are much less intense than the corresponding ones in Fig. 5(d). The
fact that virtually no Type I acetylene is formed on Ru(001)-p(1x2)-O [although a trivial amount is
present .in Fig. 6(a) as evidenced by v(CC) at 1115 cm™] tends to support the observation that on
Ru(001)-p(2x2)~0O most of the sp*-hybridized vinylidene is formed via decomposition of Type I ace-

tylene rather than Type II acetylene.

Apart from this obvious difference, the spectra are similar to those of Fig. 5 in many respects,
although on Ru(001)-p(1x2)~0O no decompositon products appear at 250 K, again suggesting that the
chemisorbed acetylene is stabilized slightly on this surface. Ethylidyne is clearly formed on both sur-
faces.and in each case at least some appears (0 be stable 10 450 K. The spectra obtained following
annealing to 450 and 600 K on both oxygen-precovered surfaces are very similar indeed, the only not-
able difference being the presence of a broad loss feature near 1315 cm™ in Fig. 6(h) that is not

apparent in Fig. 5(g). This feawre is attributed to carbon-carbon streiching modes of some form of
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surface carbon (4,12).

IV. Discussion
A. Molecularly Chemisorbed Acetylene

Table II lists the frequencies of various vibrational loss features of chemisorbed Type I and Type
I acetylene on clean Ru(001), Ru(001)}p(2x2)»-0O and Ru(001)-p(1x2)~0O. It is immediately apparent
that ordered oxygen overlayers do not significanty affect the vibrational spectra of either type of ace-
tylene on Ru(001). The only frequency shift that is large enough to have any significance and which
appears o be reproducible is the upshift of the v(CH) freugency of Type IT acetylene to 3000 cm™ on
Ru(001)-p(1x2)-0, which is approximately 60 cm™ higher than its clean surface value. However, this
does not seem to indicate a rehybridization of the Type II acetylene towards sp?, since the v(CC) fre-
quency we measure is slightly lower thank that reported by Jakob et al. on clean Ru(001) (;1). It can be
concluded that the structure and bonding of acetylene on the oxygen-precovered surfaces is virtually
identical w the sturcture and bonding on the clean surface, and that the electron-withdrawing effect of

the oxygen has a negligible influence on these properties.

It was found that the preadsorption of oxygen inhibits the adsorption of acetylene on Ru(001),
with the p(2x2)-O overlayer reducing the saturation coverage by approximately 20% and the p(1x2)-O
overlayer reducing it by approximately 75% compared wo the clean surface. This coverage reduction
could be due both to stearic and to electronic effects of the preadsorbed oxygen. The fact that the
vibrational spectra of chemisorbed acetylcne are not changed significantly in the presence of oxygen
suggests that stearic (i.e. site-blocking) effects are of primary importance, and in fact the lack of forma-
tion of Type I acetylene on Ru(001)-p(1x2)~O can be explained in terms of a site-blocking argument
based on the previously proposed adsorption sites of Type I and Type II acetylene (4). The Type I ace-
tylene is believed to occupy p-sites and the Type II acetylene A-sites, as shown in Fig. 7. It can be
seen that in the p-type bonding the two carbon atoms of acetylene occupy adjacent threefold hollow
sites, which on Ru(001) are located 1.56 A apart (15). If it is assumed that a preadsorbed oxygen
adatom blocks the adsorption of acerylene into the three adjacent threefold hollow sites, then the forma-

ton of Type I acetylene is possible on Ru(001)-p(2x2)—O up to a maximum coverage of 8 (Type I) =
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0.25. However, on-Ru(001)-p(1x2)—O there do not exist two adjacent threefold hollow sites neither of

which is directly adjacent to a threefold hollow site already occupied by an oxygen adatom, and thus
Type I bonding is not possible. On the other hand, A-type bonding involves essentially bonding of the
entire acetylene molecule over a single threefold hollow site, and is thus possible on both
Ru(001)-p(2x2)-0O and Ru(001)-p(1x2)=0. We therefore believe that the EELS evidence concerning
the lack of Type I acetylene formation on Ru(001)-p(1x2)—-O provides support for the previously pro-
posed bonding geometries of Type I and Type I acetylene. It must also be pointed out, however, that
site-blocking arguments alone cannot explain the low satraton coverage of acetylene on
Ru(001)-p(1x2)-0, since enough threefold hollow sites not adjacent 1o oxygen aloms are stll present
on this surface to form up to a quarter monolayer of Type I acetylene. (There are actually a half
monolayer of such threefold sites, but it is stearically possible only 1o put an acetylene molecule at half
of these.) The saturation acetylene coverage of 0.09 monolayer must therefore be influenced by some
elecuronic effect, e.g. by a reduction in the local dg:nsity of states at the Fermi level due w the electrons
"ticd-up” in ruthenium-oxygen bonding, making less electron density available for ruthenium-acetylene
bonding.

Another possible explanation for the low saturation acetylene coverage on Ru(001)-p(1x2)-O is
that acetylene adsorption could be limited to p(1x2) domain boundaries that are relatively oxygen-
deficient and thus are similar 1o small areas of p(2x2)-O structure on the surface. This would suggest
that no acetylene adsorption and decomposition would be observed on a hypothetical, perfect
Ru(001)-p(1x2)—O surface, for either stearic or electronic reasons. If this is the case, the lack of Type
I acetylene on the Ru(001)-p(1x2)—O surface is still qualitatively understandable, since it would be
unlikely to have two of the adjacent, available threefold hollow sites in the small regions defining the

domain boundaries.

It is interesting to compare the bonding of molecularly chemisorbed ethylene and acetylene on
élean and oxvgen-precovered Ru(001) surfaces. On clean Ru(001), ethylene is rehybridized w0 sp’ina
di-o-bonded configuration (8,12), while on Ru(001)-p(2x2)-O (9,10) and Ru(001)}-p(1x2)-O (8-10) it

forms an sp?-hybridized, n-bonded species. Acetylene, on the other hand, forms the same two species
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on clean Ru(001) and Ru(001)-p(2x2)-0O, and while one of these (Type I acetylene) is not formed on
Ru(001)-p(1x2)-O due o geometric effects, the bonding of Type II acetylene (and its vibrational spec-
trum) is virtually identical w its bonding (and vibrational spectrum) on the other two surfaces. The fact
that ethylene is approximately sp’-hybridized on the oxygen-precovered surfaces, while acetylene is
nearly sp*-hybridized, is a consequence of the differing energies of the n* orbitals of ethylene and ace-
tylene. The Fermi levels of the Ru(001), Ru(001)-p(2x2)—0O and Ru(001)}-p(1x2)-O surfaces lie
approximately 5.5, 5.7 and 6.6 eV below the vacuum level, respectively (21,14). The unoccupied ©*
orbitals of gas phase ethylene (1by,) and acetylene () lie at -2.85 and -6.1 eV with respect 10 the
vacuum level, respectively (22,13). Upon adsorption, these orbital energies will downshift and broaden
(24), but the n* orbital of ethylene should still lie substantally above the Fermi levels of the three
ruthcnium surfaces, making electron backdonation from the metal 5d band difficult, especially on the
oxygen-precovered surfaces, and resulting in only minor rehybridization of the ethylene on these two
surfaces. On the other hand, the n* orbitals of chemisorbed acetylene will lie near or below the Fermi

levels of all three ruthenium surfaces, so that strong rehybridization occurs even on Ru(001)-p(1x2)-0O.
B. Decomposition of Molecularly Chemisorbed Acetylene

The decomposition of molecularly chemisorbed acetylene has now been studied on clean Ru(001)
(2,4), Ru(001)-p(2x2)-O and Ru(001)-p(1x2)~O. The discussion presented here will consider

separately the different intermediales that are observed, and will address related issues for all three sur-

faces.
I. Acerylide (CCH)

Since studies of acerylene decomposiuon on the three ruthenium surfaces cited above have been
made primarily for saturation coverages and under UHV conditions where adsorption of residual hydro-
gen should be negligible, and since in any case hydrogen does not chemisorb on the two oxygen-
precovered surfaces at the temperatures where acetylene decomposition begins, the hydrogen atoms that
are needed o produce ethylidyne from acetylene must be provided by the decomposition of other ace-
tylene molccules‘. On clean Ru(001), the source of this hydrogen appears to be almost entirely carbon-

hydrogen bond cleavage 1o produce acetylide, i.e.
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C,H;(@) — ' CCH(a) + H(a) .
The acetylide has also been identified in the case of ethylene decomposition on Ru(001) (12), and is

characterized principally by a strong bending mode, 8(CH), at approximately 750 cm™. Its remaining
vibrational loss features, w(CC) at 1290 cm™ and v(CH) at 2960 cm™, are often obscured by the pres-

ence of loss features due to other surface species.

On all ruthenium surfaces studied, the temperature at which acetylide begins to form would
appear to0 be identical 1o that where acetylene decomposition begins, namely between 200 and 250 K on
clean Ru(001) and Ru(001)-p(2x2)—-0, and near 300 K on Ru(001)-p(1x2)-0O. The decomposition of
acetylide formed from acetylene decomposition on clean Ru(001) has been reporied to be complete by
380 K (2) or 450 K (4), although this discrepancy is due to differing interpretations of the upshift in the
prominent 8(CH) mode that occurs near 400 K [cf. Sec. IV.B.iv]. Since acetylide appears 10 be more
stable than ethylidyne and vinylidene on clean Ru(001), we do not believe that it is likely 10 be an
intermediate in the formaton of those species.

ii.  Vinylidene (CCH;)

We have shown that annealing an acetylene-saturated Ru(001)-p(2x2)~O surface to 350 K leads
to the formation of substantial amounts of an sp>-hybridized vinylidene species, characterized primarily
by iniense loss features at 1435 [v(CC) + 8(CH,)}, 885 [wCHj)] and 435 [v(Ru—CCH)] cm™. The
same s;;ecies is formed on Ru(001)-p(2x2)»-O as the result of ethylene decomposition (9,10). It has
begun 1o decompose by 380 K and appears 10 be gone entirely by 450 K, and its disappearance corre-
lates with the formation of an intense 8(CH) mode near 800 cm™. Its appearance correlates wiih the
decomposition of Type I acetylene, but the mechanism of the (probably not elementary) reaction

C,H; (Type I) —» sp*-CCH,
is not known. We regard a direct 1,2-hydrogen transfer reaction as unlikely, since the geometry of the
[C-"H-C] transition state would probably result in a large activation barrier, although this is certainly a
possibility.

Small concentrations of a species that gives rise 1o a 8(CH;,) mode appear to be present following

acerylene adsorption on Ru(001)»p(2x2)-0O and annealing to 250 K and on Ru(001)-p(1x2)}—O at least
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in the temperature range of 300400 K. The species involved is probably also vinylidene, although the

presence of a vinyl (CHCH,) species cannot be ruled out. We stress once again that the presence of
relatively litle vinylidene in the decomposition of acetylene on Ru(001)-p(1x2)-0O, as judged from the
relatively low intensity of the 1410-1435 cm™ loss feature compared 1o the other loss features, is strong
supporting evidence for the proposition that it is primarily Type I acetylene that gives rise to vinylidene
formaton on Ru(001)-p(2x2)-0.

On clean Ru(001) there has been some disagreement concerning the formation of vinylidene in
acetylene decomposition. Ethylidyne (cf. Sec. IV.B.iii) formed from acetylene on clean Ru(001) gives
rise to loss features near 1140, 1360 and 1440 cm™, and based on slight changes in the relative intensi-
ties of these loss features berween 300 and 350 K Jakob et al. (4) concluded that another surface
species was present and contributing o the intensity of the 1140 and 1440 cm™ loss features. This
species was identified as vinylidene, with &CH,) at 1440 cm™ and w(CH,) at 1140 cm™. On the other
hand, we do not believe that our own data for annealing temperatures between 230 and 350 K justify
the conclusion that any species other than acetylide and ethylidyne is present. We cannot rule out,
however, the presence of very small amounts of vinylidene on clean Ru(001). We believe that spec-
trum 5(d) of this paper indicates clearly that the amount of vinylidene present due to acetylene decom-
position on clean Ru(001) is indeed very small, since on the clean surface the 1440 cm™ loss feature
never has much greater intensity than the 1360 cm™ loss feature. We also believe that any vinylidene
formed on clean Ru(001) would more likely be sp’-hybridized than sp?-hybridized, just as ethylene is
sp’-hybridized on clean Ru(001) but sp’-hybridized on the oxygen-precovered ruthenium surfaces. An
sp>-hy bridized vinylidene species on clean Ru(001) would indeed be expected 1o have a CH, wagging

frequency near 1200 cm™, rather than near 900 cm™ as in the case of sp>-hybridized vinylidene (25).

In summary, the p(2x2) oxygen adatom overlayer enhances substanually the stability of sp*-
hybridized vinylidene on Ru(001), whether formed from ‘e:hylcne or acetylene decomposition.

iti. Ethylidyne (CCH3)

Ethylidyne is formed as a decomposition product of acetylene on clean Ru(001) (2,4),

Ru(001)-p(2x2)-O and Ru(001)-p(1x2)}-O. It is characterized primarily by two loss features of
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approximately equal intensity, §,(CH;) at approximately 1360 cm™ and v(CC) at approximately 1140

-1, On Ru(001)-p(2x2)-O it appears at an annealing temperature of approximately 250 K, reaches

cm
its maximumn concentration by about 300 K, and has completely decomposed by about 500 K. The
corresponding temperatures on Ru(001)-p(1x2)—O are approximately 300, 350 and 500 K, although the
latter is difficult to judge due to the presence of carbon-carbon stretching loss features in the 1000-1400

cm™ regime at elevated temperatures. Ethylidyne is thus stabilized on the oxygen precovered surfaces

compared to clean Ru(001), where it has decomposed completely by about 360-370 K (2,4,8,10).

Our previous results (2) and those of Jakob et al. (4) are slightly different regarding the tempera-
ture of ethylidyne formation from acetylene decomposition on clean Ru(001). We found that adsorption
of a saturation coverage of acetylene at 80 K followed by annealing produced ethylidyne by 250 K,
with little change in the concentration of this species between 250 and 350 K. They found that follow-
ing adsorption of a saturation coverage of acetylene at 130 K, ethylidyne was formed only after anneal-
ing to 300 K. This difference may be due to the fact that our saturated monolayer after adsorbing at 80
K and annealing to 150 K consisted of a strong mixture of Type I and Type II acetylene, while their
saturated monolayer at 130 K consisted almost entirely of Type II acetylene. It is quite possible that
these two types of acetylene would undergo slightly different chemistry on clean Ru(001), given that

they apparently do so in the presence of a p(2x2) oxygen adatom overlayer.

The mechanism of ethylidyne formation from acetylene on metal surfaces is of considerable
importance but has received relatively little attention. We proposed no mechanism in our previous

study of acetylene adsorption on clean Ru(001) (2). Jakob et al. (4) recently proposed as a tentative

mechanism

+H
CHCH(Type IT)(a) — CCHy(a) —2> CCHs(a) ,
1

for the decomposition of Type II acetylene on clean Ru(001), where the hydrogen atoms in the second
step are provided by the decomposition of additional acetylene molecules to acetylide. At about the

same time, Hills (26) independently proposed the similar but slightly more complex mechanism
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+H -H +H
CHCH(a) —l> CHCHs(a) ——2—> CCH,(a) —;—) CCHs(a)

CCH(a)
In this scheme, the CHCH; and CCH; are viewed as rather unstable reaction intermediates which react
quickly 1o produce one of the two principal products of acetylene decomposition below approximately
350 K, namely ethylidyne and acetylide. The hydrogen atoms in the first step are again produced by
the direct decomposition of some acetylene 1o acetylide. The vinyl (CHCH,) intermediate was invoked
primarily for two reasons. First, it avoids the formation of vinylidene via the suable acetylide species
(as does the mechanism of Jakob et al) and also via direct 1,2-hydrogen atom transfer in acetylene,
which is likely to have a high activation barrier (27). Second, the formation of vinyl from acetylene is
very plausible in view of the fact that small amounts of acetylene on Ru(001) can be hydrogenated to
ethylene near 175 K in the presence of preadsorbed hydrogen (3). The experiments with coadsorbed -
oxygen and acetylene can unfortunately shed litde light on to what extent either or both of these
mechanisms is operauing. The best way 10 attempt o distinguish between the two is to coadsorb D, and
C,H- or H; and C;D,. In the former 'casc. the mechanism of Jakob et al. would produce ethylidyne pn-
marily of the CCH;D type. while the mechanism of Hills would produce primarily ethylidyne of the
CCHD, type. Our results for C;H, adsorbed on a deuterium presaturaled surface and annealed to 300 K
(26) show primarily the formation of CCD,H [8,(CD,H) = 1150 cm™] and CCD; [§,(CDs) = 1050
cm™'], with a smaller amount of CCDH,; [8,(CDH,) = 1260 cm™] and no CCH;. While the predomi-
nance of CCD,H is more consistent with the mechanism of Hills, our data base is not extensive and the
mixiure of ethylidyne products suggests that more than one mechanism and/or exchange reactions may

be occurring. Future investigations along these lines would be of obvious interest

The products of ethylidyne decompositdon on Ru(001) are also controversial, and no fewer than

three decomposition reactions have been proposed for ethylidyne decomposition on the clean surface.

These are the following:

CCHs;(a) — C(a) + CH(a) + 2H(a) (8) .
CCHs,(a) — 2C(a) + 3H(a) (2,12), and
CCHs,(a) — CCH(a) + 2H(a) (4) .
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We are currenty of the opinion that all of these reactions may occur to some extent, depending on the
local concentrations of various surface species. However, on Ru(001)-p(2x2)-O it is primarily the
decomposition of vinylidene (and possibly also acetylide) that correlates with the appearance of the
intense 8(CH) mode of methylidyne near 800 cm™, and not the decomposition of ethylidyne. The same
appears 10 be true on Ru(001)-p(1x2)-0.

iv. Methylidyne (CH)

When acetylene is adsorbed on Ru(001) (2,4), Ru(001)-p(2x2)-O or Ru(001)-p(1x2)-0, and the
surface is annealed to temperatures in the range of approximately 400-700 K, at least one intermediate
is formed that is characterized by a strong 8(CH) loss feature near 800 cm™ and a v(CH) loss feature in
the range of 3000-3050 cm™. The same is true of ethylene adsorption on Ru(001) (8,12) and
Ru(001)-p(2x2)-0O (9,10). Broad, weak loss features are sometimes present as well between 1000 and
1500 cm™" (4,12). The hydrogen-containing species was originally assigned by Barteau et al. as a bent
methylidyne (CH) (8). We subsequently endorsed this assignment (3,12), and auributed the loss
fealures between 1000 and 1500 cm™ to v(CC) loss features of carbon dimers (12). More recenty,
Jakob et al. have suggested that a number of carbonaceous fragments are present on Ru(001) between

400 and 700 K, possibly incuding methylidyne, acetylide and larger species (4).

While the coexistence of several hydrogen-containing surface species in this temperature range
cannot be ruled out (especially since some may be present in very low concentrations), we still favor
methylidyne as being the principal hydrogen<onuining species present. We have not found the inten-
sity of the &CH) mode near 800 cm™ 1o show much correlation with the weak loss features between
1000 and 1500 cm™, and occasionally the 8(CH) and v(CH) loss features are isolated quite cleanly in
the absence of these modes [cf. Fig. 5(g)]. We thus prefer 1o identify these weak features with some
(possibly several) forms of surface carbon. We do not believe that the presence of three weak H; ther-
mal decomposition maxima between 500 and 700 K (3,4) is inconsistent with the presence of only
methylidyne and surface carbon, given the possible effects of variations in the local concentrations of

these species on the surface and the averaging effects that occur in thermal desorption spectra. Ace-
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tylide has a substantially lower frequency CH bending mode (approximately 750 cm™) than methyli-

dyne and does not appear to be present on either the clean or oxygen-precovered surfaces above 400-

450 K.

Methylidyne seems o be formed via the decomposition of several surface species, including ace-
tylide, vinylidene and (directly or indirectly) ethylidyne on both oxygen-precovered Ru(001) surfaces.

Its decomposition is complete near 700 K on both of these surfaces and on clean Ru(001).

V. Summary

Electron energy loss spectroscopy and thermal desorption mass spectrometry have been used to
investigate the adsorption and decomposition of acetylene on Ru(001)-p(2x2)-O and
Ru(001)-p(1x2)-0, and the results have been compared W those of previous studies of acetylene on

clean Ru(001). The principal conclusions of this study are the following:

(1) The saturation coverages of acetylene adsorbed on clean Ru(001), Ru(001)-p(2x2)-O and
Ru(001)-p(1x2)-O at 80 K are approximately 0.39, 0.31 and 0.09, respectively. These cover-
ages are based on the assumption that the saturation coverage of hydrogen adatoms on

Ru(001) following exposure to H» at 80 K is 0.85 monolayer.

(2) On Ru(001)=-p(2x2)-0, as on clean Ru(001) (4), two types of acetylene are formed: Type I at
low coverages and Type II at high coverages. On Ru(001)-p(1x2)-O only Type II acetylene
is formed. This supports the previous suggestion that Type I acetylene adsorbs in p-sites,
since such adsorption sites are availablé on Ru(001) and Ru(OOI)—p(ZxZ)—Q but not on
Ru(001)-p(1x2)~O (assuming that preadsorbed oxygen atoms block adjacent threefold hollow

sites towards the adsorption of acetylene carbon atoms).

(3) The molecularly chemisorbed acetylene species formed on Ru(001)»p(2x2-O and
Ru(001)-p(1x2)—~0O are very similar to the corresponding species formed on clean Ru(001), as
Judged by their EEL specoa. This is in marked contrast to the adsorption of ethylene, which
is di-o-bonded on clean Ru(001) and n-bonded on Ru(001)p(2x2)~0O and Ru(001)-p(1x2)-0.

This difference is due to the lower energy of the acetylene n* orbitals compared 1o the
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ethylene n* orbital. The lower n* orbital energies in the case of acetylene lead to a nearly

sp’ hybridization of this molecule on all three surfaces.

(4) As on clean Ru(001), chemisorbed actylene on Ru(001)-p(2x2)-O and Ru(001)-p(1x2)-O
does not desorb molecularly but decomposes completely 10 yield H,(g) as the only hydrogen-
containing thermal desorption product. Decomposition begins just above 200 K on

Ru(001)-p(2x2)-0O and near 300 K on Ru(001)}-p(1x2)-0.

(5) As on clean Ru(001), the decomposition of acetylene on the oxygen-precovered surfaces is
complex and involves a number of stable intermediates. The reactions may be summarized as

follows (these clearly are not intended to represent elementary steps):

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

~200-300K
CHCH (Typell) = — CCH+CCH;+H

(small amounts of CCH; and/or CHCH; are probably also formed)

~300-350K
CHCH (Type) ——>  CCH, (sp®)

-350—<450K
CCH,CCH.CCH; ——  CH + surface carbon + H

~500-700K
CH — surface carbon + H

~-215-700K
2H — H.(@®

Ru(001)-p(1x2)-0

-300-350K
CHCH (Typel) —— CCH+ CCH,+ CCH;+ H

—-400-450K
CCH,CCH,,CCH; ——  CH + surface carbon + H

~500-700K €
CH —_— CH surface carbon + H

-300-700K
2H  —>  Hy(g
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(6) An sp*hybridized vinylidene species is formed in especially large amounts on
Ru(001)-p(2x2)-O from the decomposition of Type I acetylene. Litle if any of this
vinylidene is formed either on Ru(001)-p(1x2)-O (where no Type I acetylene forms) or on

clean Ru(001) (where there is no stabilization by coadsorbed oxygen).
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Table I}

Vibrational frequencies (in cm™) of various hydrocarbon intermediates identified previously

in the decomposition of acetylene and ethylene on clean and/or chemically modified Ru(001) surfaces.

This is a summary of data from Refs. 2-4 and 8-13.

Species Mode Frequency

(1) Ethylidyne (CCHi3) Vv,(CH,) 3000-3045 vw
v,(CH,) 2910-2970 s
5,(CHs) 1440-1450 w
8,(CH,) 1340-1370 s
v(CC) 1120-1140 s
p(CHs) 970-1000 w
T 450480 w

(2) Vinylidene (CCHy  v,(CH»y) 3050 w
v,(CHy) 2985 m
v(CC) + 8(CH,) 1435 vs
p(CHy) 965 w
o(CH,) 895 s
Ts 455 s

(3) Acetylide (CCH) v(CH) 2935-2960 w
v(CCO) 1290 w
&CH) 750-770 s
T. 435 m

(4) Methylidyne (CH) v(CH) 3010-3030 w
S(CH) 800-840 s
o 440-550 m

s = strong, m = medium, w = weak, v = very.
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Table I1. Vibrational frequencies (in cm™) of molecularly chemisorbed acetylene on Ru(0Q1),
Ru(001)-p(2x2)—0O and Ru(001)-p(1x2)-0.

Clean Ru(001) Ru(001)-p(2x2)-0  Ru(001)-p(1x2)-O

Acetylene Loss Features (2) (4) (this work) (this work)
Type | v(CH) n.o. 2950 2990 present not
w(CC) 1135 1110 1110-1130 at all or
in trivial
amounts®*
Type I v(CH) 2940 2950 2955 3000
v(CC) n.o. 1260 n.o. 1220
CH bends 980 975 960 960
765 740 740 750
v(RuC) 520 540 n.o. 530
375 370 n.o. n.o.

n.o. = not observed.

*When very small amounts are present, v(CC) = 1115,
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Figure Captions

Figure 1:

Figure 2:

Figure 3:

Figure 4:

Figure 5:

Figure 6:

Figure 7:

The structures and unit cells of (a) Ru(001)-p(2x2)-0O and (b) Ru(001)-p(1x2)-O. Also
shown are the EEL spectra corresponding 10 (¢) the p(2x2) and (d) the p(1x2) oxygen

adatom overlayers.

The H, (m/e = 2 amu) thermal desorpton spectra that result following a 5 L C;H, exposure
to (a) clean Ru(001), (b) Ru(001)-p(2x2)—0 and (c) Ru(001)-p(1x2)—0O at 80 K. The heat-
ing rate was approximately 10 K-s™! in all cases. The three spectra are only approximately

to scale with respec:'lo one another; each one was calibrated separately against a saturation

H, exposure.

The EEL spectra obtained following the exposure of acetylene 1o Ru(001)-p(2x2)-0O at 80

K. The exposures are (a) 0.2 L C;H,, (b) 2 L C;H; and (c) 2 L C;D,.

The EEL specira obuained following the adsorption of acetylene on Ru(001)-p(1x2)-O at
80 K. The exposures are (a) 0.2 L C;H,;, (b) 2L C;H; and (c) 2 L C;D;. In (b) and (¢)
the surface was annealed briefly 1o 120 K following acetylene adsorption in order to remove

small amounts of multilaver acetylene.

Elecuron energy loss spectra showing the thermal decomposition of acetylene (C,H;) on
Ru(001)-p(2x2)-0O. The annealing temperatures are (a) 80 K, (b) 250 K, (c) 300 K, (d)
350 K, (e) 380 K, (f) 450 K, (g) 600 K and (h) 800 K. The exposure was of 2 L C,H; at
80 K.

Elecuon energy loss spectra showing the thermal decompositon of acetylene (C,H,) on
Ru(001)-p(1x2)-0. The annealing temperatures are (a) 200 K, (b) 250 K, (c) 300 K, (d)
350 K, (e) 400 K,(f) 450 K, (g) 500 K, (h) 600 K and (i) 700 K. The exposure was of 4 L
C,H, at 80 K.

(a) Mlustration of the previously proposed bonding sites (4) for Type I (u-site) and Type II

(A-site) acerylene on Ru(001). (b) The stuctures of Ru(001»p(1x2-O and

Ru(001)}-p(2x2)—0. Assuming that the acerylene carbon atoms cannot occupy threefold
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sites directly adjacent to those occupied by oxygen adatoms, p-site bonding is possible on

Ru(001)-p(2x2)=0 but not on Ru(001)-p(1x2)-0.
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CHAPTER V

The Interaction of Formamide with the Ru(001) Surface

[This chapler has been accepied for publicauon as a paper by J. E. Parmeter, U. Schwalke and W. H.
Weinberg, in The Journal of the American Chemical Sociery.]
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Abstract

The adsorption and decompositon of formamide (NH;CHO) on the hexagonally close-packed
Ru(001) surface have been studied using high-resolution electron energy loss spectroscopy and thermal
desorpion mass specrometry. At 80 K, the inital adsorption of formamide results in CH bond
cleavage and the formation of an n%(C,0)-NH,CO species. This species decomposes upon annealing o
250 K, leaving a mixture of CO, NH,;, NH and hydrogen adatoms on the surface. The NH; and CO
desorb near 315 and 480 K, respectively, whereas the NH decomposes below 400 K to nitrogen and
hydrogen adatoms. Recombinative desorption of H; occurs at 420 K, while recombinative desorption of
N, occurs near 770 K. For higher initual formamide coverages (where the fractional coverage of for-
mamide that decomposes exceeds approximately 0.05 monolayer), molecular adsorption in an 1\’(0)-
NH.CHO configuration is observed also at 80 K. This species undergoes competing desorption and
decomposition at 225 K 10 an inu:-rmediau: believed 10 be N-bonded NHCHO, which in turn converts to
a species lentatively identified as n'(N)-NCHO at 300 K. The laner species decomposes o chem-
isorbed CO, N and H near 375 K. Following a saturation formamide exposure on Ru(001) at 80 K,
appréximalcly 0.15 monolayer of formamide decomposes upon subsequent annealing, with approxi-
mately two-thirds of the total decomposing via the n%(C,0)-NH,CO intermediate and the remainder

reacling via the '(0)-NH,CHO.
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I. Introduction

High-resolution electron energy loss spectroscopy (EELS) has emerged as one of the most impor-
lant experimental lechniques for studying the reactions of molecules on wellcharacterized metal sur-
faces (1), especially in delimiting reaction mechanisms via the isolation of reaction intermediates. Such
studies are of inlerest not only because of the obvious imponance of understanding molecule-metal sur-
face interactions in heterogeneous catalytic processes, but also because they allow comparisons 1o be
made between the bonding and reactivity of various ligands in multinuclear homogeneous metal clusters
and that on metal surfaces. Recently, we have reporied the results of an EELS and thermal desorption
mass spectrometric (TDMS) study of the interaction of formamide (NH,CHO) with the Ru(001)-
p(1x2)-O surface, i.e. the hexagonally close-packed ruthenium surface on which an ordered p(1x2) over-
layer of oxygen adatoms (fractional covcmgé of one-half) is present (2). We report here the results of

an EELS and TDMS study of the adsorption and decomposition of formamide on the clean (reduced)
Ru(001) surface.

From the point of view of chemisorption, formamide is a rather complex molecule, containing
two heteroatoms and a carbony! double bond. Thus, there ar; several ways that formamidé might
adsorb molecularly on a meuwal surface: via the elecuron lone pairs on the oxygen and/or nitrogen atoms
(although in gas phase formamide there is no electron lone pair isolated stricly on the nitrogen atom),
or in an n%C.0) configuration with rehybridization of the carbonyl double bond. A number of decom-
position inermediates are also possible, as may be appreciated by considering the variety of
formamide-derived ligands that have been idenufied in organometallic compounds. These include
n'(C)-CONHR (3), n'(N)-NHCOR (4), n%C,0)-NR,CO (5), n3(N,0)-NRCHO (both chelating and
bridging) (6), and the tautomers n%(CN)-HOCNR and n*%CN)-OCNHR (R=H, alkyl or aryl) (7). These
species are depicted schematically in Fig. 1 with R=H, the case relevant to formamide decomposition

on a metal surface.

In our study of formamide chemisorpuon on the Ru(001)-p(1x2)-O surface (2), it was found that
below 225 K formamide bonds to the surface via a lone pair of electrons on the oxygen atom, i.e. the

formamide adsorbs molecularly below 225 K in an 7'(0)-NH,CHO configuration. At 225 K, the
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1'(0)-NH,CHO converts to *(N,0)-NH,CHO that is bonded 1o the surface via elecuron lone pairs on

both the oxygen and nitrogen atoms. The n2(N,0)-NH,CHO converts near 260 K 1o 1?(N,O)-NHCHO,
the nitrogen-containing analogue of the n?-formate that has been identified previously on Ru(001) as an
intermediate in the decomposition of formic acid (8). For sufficiently high initial formamide coverages,
both of these conversions are accompanied by some molecular desorption of formamide. The
1%(N,0)-NHCHO is stable on the Ru(001)-p(1x2)-O surface to 420 K, at which temperature it decom-
poses, evolving gaseous CO and H, and leaving nitrogen adatoms on the surface. The nitrogen adatoms
recombine and desorb as N, near 570 K, leaving the p(1x2)-O overlayer intact. For a saturation for-
mamide exposure, approximately 0.05 monolayer of 12(N,0)-NHCHO is formed and decomposes on

this surface. (A monolayer is defined as 1.58 x 10'* cm™2, the density of ruthenium atoms on the

Ru(001) surface.)

Electronegative adsorbates such as oxygen adatoms can alter the chemical reactivity of metal sur-
faces, just as electron withdrawing ligands modify the properties and reactivity of organometallic com-
pounds. Comparing the reactions of formamide on the Ru(001)-p(1x2)-O surface and on clean Ru(001)
is of particular interest in view of the fact that ordered oxygen overlayers are known to alter the chem-
istry of both acetone (9) and formaldehyde (10) on Ru(001). On clean Ru(001), both acetone and for-
maldehyde adsorb at 80 K principally via rehybridization of the CO double bond in an n*%C,0)
configuration. In the case of formaldehyde, some decomposition to CO, n%(C,0)-HCO, and hydrogen
adatoms occurs as well. On the Ru(001)-p(2x2)-O surface, adsorption at 80 K of both molecules occurs
primarily in an n'(O) configuration, with bonding to the surface occurring via an electron lone pair on
the oxygen atom. Thus, in the case of the adsorption of formamide on clean Ru(001) at 80 K, we
might expect the formation of N2%(C,0-NH,CHO or n*(C,0)-NH,CO, rather than the formation of
n'(0)-NH,CHO, which occurs on the Ru(001)-p(1x2)-O surface. Such species could also lead to

different decomposition products compared to those from n'(O)-NH,CHO.

II. Experimental Details

The EEL spectrometer and the ultrahigh vacuum (UHV) chamber housing it have been described

elsewhere (11), as have the methods of cleaning the Ru(001) crysual (12) and handling the formamide
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(2). Typical parameters for the EEL spectra shown and discussed in this paper are the

following:  resolution (full-width at half-maximum of the elastically scattered electron beam), 70-80

cm™; count rate (elastically scattered peak), 2 x 10° cps; impact energy of the incident electron beam, 4
eV; and (fixed) angle of incidence of the electron beam, 60° with respect to the surface normal. All
EEL spectra were measured in the specular direction, except when it is stated explicily otherwise. The
UHV chamber also contained a quadrupole mass spectrometer for performing TDMS measurements and
for an analysis of background gases. The heating rate in all thermal desorption spectra was approxi-
mately 8 K-s~'. The base pressure in the UHV chamber was less than 107'° Torr. Liquid nitrogen
cooling allowed crystal tlemperatures as low as 80 K w0 be anained. The crystal was heated resistively

and cleaned by annealing in a background of oxygen or, occasionally, by argon ion sputtering.

The NH,CHO used in this study was obtained from Aldrich with ﬁ reporied purity of 99%, and
was purified further as discussed elsewhere (2). Its purity was verified in situ using mass spectrometry.
Both EELS and TDMS experiments were also performed with N-deutcrated formamide, ND,CHO
(MSD Isotopes, 98 at % D). Although H/D exchange into the ND, group resulted in the presence of
small amounts of NHDCHO and/or NH,;CHO in the ND-CHO (13), these experiments were ne;cnhclcss

useful in helping to assign various EELS loss features, and they also yielded qualitative information
concerning H. thermal desorption.
ITI. Results

A. Thermal Desorption Mass Spectrometry

Following a saturation exposure of formamide on the clean Ru(001) surface at 80 K, five different
species are observed to desorb between approximately 200 and 800 K, namely, molecular formamide,
carbon monoxide, hydrogen, nitrogen and ammonia (14). Species specifically looked for and not
observed to desorb include H,0, HCN, NO, H,CO and HNCO. The five molecular species detected

with TDMS are discussed separately below.

1. Molecular Formamide

Figure 2 shows a series of thermal desorption spectra of NH,CHO (m/e = 45 amu) following vari-
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ous exposures of formamide 10 the clean Ru(001) surface at 80 K. For exposures less than approxi-
mately 4 L (1 L = 1 Langmuir = 10~ Torr-s), no molecular desorption occurs, indicating that at low
coverages all of the adsorbed formamide decomposes. For exposures greater than approximately 4 L, a
molecular desorption peak appears at 225 K. The peak temperature does not shift with increasing expo-
sures (i.e. coverage), indicative of a first-order desorption reaction. Assuming a preexponential factor of
the desorption rate coefficient of 10'> s, an activation energy of desorption (equal to the heat of
adsorption since adsorption is not activated) of approximately 13 kcal-mol™ is calculated for this
desorption state (15). This desorption feature is most likely due to monolayer rather than second layer
formamide (2), especially since the amount of formamide that decomposes (approximately 0.15 mono-
layer, cf. Sec. ITL.A.2) seems very low o correspond to monolayer saturation. For exposures greater
than approxi.mat.ely 8 L, a second thermal desorption peak appears at 210 K. This peak does not
saturate with increasing exposure and is due to the desorption of condensed formamide multilayers, in

agrecement with previous results for formamide desorption from the Ru(001)-p(1x2)-O surface (2).

2. Carbon Monoxide

Thermal desorption spectra of CO (m/e = 28 amu, with a cracking fragment at m/e = 12 amu dis-
tnguishing it from N,) following various exposures of NH,CHO to Ru(001) at 80 K are shown in Fig.
3. There is a single CO thermal desorption peak which occurs at 480 K for the lowest exposures stu-
died (fractional surface coverage of CO desorbed of approximately 0.01 monolayer) and shifts down-
ward to 410 K at saturation. Despite this downshift in peak temperature with increasing coverage, this
1s a first-order, desorption-limited reaction, since low coverages of chemisorbed CO on clean Ru(001)
also desorb near 480 K (16), the recombinative desorption of CO formed from carbon and oxygen
adatoms occurs only above 500 K on this surface (17), and EEL spectra show clearly that molecularly
adsorbed CO is present from 250 to above 400 K [cf. Sect ITI.B]. The most reasonable cause of the
downshift in the CO desorption temperature with increasing formamide exposures is the increasing cov-
erage of nitrogen adatoms between 400 and 500 K, which are also present due to
formamide decomposition [cf. Sect ITII.B]. The ruthenium-carbon bond of adsorbed CO is formed by

electron donation from the 5¢ (carbon lone pair) orbial of CO w0 the surface, accompanied by electron



66.

backdonation from the metal sd-band to the 2n* antibonding orbital of CO (18). The (relatively) elec-
tronegative nitrogen adatoms withdraw electron density from the surface ruthenium atoms, presumably
reducing the extent of the backbonding and leading to a lowered CO desorption temperature. A similar
effect has been observed for CO that is coadsorbed with ordered overlayers of oxygen adatoms on

Ru(001) (19).

The saturation coverage of CO on Ru(001) is known to be approximately 0.68 monolayer (20).
Since all of the formamide that decomposes on the Ru(001) surface gives rise to CO as a reaction prod-
uct, there is a one-to-one correspondence between the amount of CO that desorbs for a given formam-
ide coverage and the amount of formamide that decomposes. Thus, by comparing the time-integrated
intensities of the CO thermal desorption peaks for saturation exposures of both CO and NH,CHO, the
amount of NH,CHO that decomposes for a saturation formamide exposure may be calculated. This
comparison yields an estimate of 0.15 monolayer of irreversibly adsorbed NH,CHO following a satura-

tion formamide exposure on Ru(001) at 80 K, or approximately 2.3 x 10'* molecules-cm™2,

3. Hydrogen

Figure 4 shows a series of H; (m/e = 2 amu) thermal desorption spectra that were measured fol-
lowing various NH,CHO exposures to Ru(001) at 80 K, as well as the H; thermal desorption spectrum
that results following a saturation exposure of H, on Ru(001). For an exposure of 0.5 L of formamide
there is a single desorption peak at 420 K, which shifts downward with increasing exposures. This is a
second-order desorption peak resulting from the recombinative desorption of hydrogen adatoms, since
the H, thermal desorption spectra that result from 0.5-1 L formamide exposures are identical to those
that result from low Hj; exposures on Ru(001), where the adsorption is dissociative and the desorption is
second-order (21). For a 2 L NH,CHO exposure, the single H, desorption peak has downshifted to 395
K. Following a 4 L exposure, three peaks appear at 325, 380 and 405 K. Finally, a 10 L exposure
(slightly greater than saturation) gives rise to a rather complex desorption spectrum, with the three pre-

viously mentioned peaks now at 300, 375 and 410 K, and a fourth peak at 280 K.

Thermal desorption spectra of H,, HD and D, following saturation exposures of ND,CHO on

Ru(001) (not shown) were also measured in order to determine the origin of the hydrogen desorbing in
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the four peaks of Fig. 4(¢). The 410 K peak consisted almost entirely of D; with a small amount of
HD, indicating that the hydrogen desorbing in this peak originates primarily, if not entirely, from the
NH, group of the formamide. (It should be recalled that a small amount of NHDCHO and/or NH,CHO
was present in the ND,CHO sample.)  The peak at 375 K was very rich in HD and contained no D,.
Sample contamination precluded a quantitative analysis of the relative amounts of H,, HD and D,

desorbing in each peak.

Since the saturation coverage of hydrogen adatoms on Ru(001) is known to be approximately
0.85 (21), and the amount of NH,CHO that decomposes following a saturation exposure on Ru(001) is
known to be approximately 0.15 from the CO data discussed above, the H; thermal desorption spectra
may be used to estimate very approximately the amount of NHj that is formed and desorbed following
a saturation formamide exposure. The hydrogcn thermal desorpton spectra indicate that approximately
0.39 monolayer of hydrogen adaloms are desorbed as H,, corresponding to the decomposition of 0.13
monolayer of NH,CHO. The amount of ammonia that is desorbed is thus approximately 0.15-0.13 =
0.02 monolayer. Although the absolute accuracy of this estimale is poor (probably no better than a fac-
tor of two), it is clear that the amounts of H, and CO that dclsorb are in a ratio of nearly 3:ﬁ. so that
most of the formamide that decomposes must produce only CO, H; and N, as desorption products. The
amount of NH; that is desorbed is quite small, and the formauon of NH; represents a minor reaction
paLhway‘.

4. Nitrogen

Figure 5 shows the m/e = 14 amu (N cracking fragment of N,, which distinguishes it from CO)
thermal desorption spectrum that results following a saturation exposure of NH,CHO on Ru(001) at 80
K. Niwogen is desorbed between approximately 555 and 810 K, with a2 maximum desorpton rate near
685 K. For a 0.5 L NH,;CHO exposure, the nirogen desorbs with a peak temperature of approximately
770 K. The fact that molecularly adsorbed N, on Ru(001) desorbs below 150 K (22) and the clear evi-
dence for the presence of nirogen adatoms in EEL spectra measured following NH,CHO adsorption
and annealing to above 400 K (cf. Sect. III.B) prove unambiguously that this desorption of N; results

from the recombinative desorption of nitrogen adatoms that are formed from the decomposition of for-
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mamide.
5. Ammonia

Thermal desorption spectra for m/e = 17 amu following various exposures of formamide to the
Ru(001) surface at 80 K are shown in Fig. 6. Thermal desorption spectra of mass 18 were also meas-
ured and the lack of water desorption verifies that the desorption peaks in Fig. 6 do not correspond to
an OH cracking fragment of desorbed H,O. However, the 235 K thermal desorption peak appears at
the same temperature and coverage as a molecular formamide thermal desorption peak and appears o
be due entirely o0 a formamide cracking fragment. Thus, only the desorpuon peak at 285-315 K is due
to ammonia desorpton. Ammonia desorpuon is observed for all formamide exposures, which ranged
from 0.3 L 10 saturation. At low coverage, the peak temperature is 315 K, and it shifts down in tem-
perature 10 285 K when this peak is saturated. For relatively low initial coverages of formamide (<2 L,
the ammonia that is produced is identified clearly with EELS (cf., Fig. 8) and is hence desorpuon-
limited Following saturation formamide exposures, very litle ammonia is identified with EELS, and
then 285 K desorption peak appears 10 be mainly reaction-limited. The iniual desorption iemperature of
315 K is in agreement with the results of a previous, detailed study of ammonia adsorption on clean
Ru(001), in which it was shown that ammonia desorbed in a single peak centered at 315 K for initial
ammonia coverages less than approximately 15% of saturation (14). The total amount of ammonia that
desorbs following a saturation formamide exposure is estimated to be <0.02 monolayer, based on the
previously discussed CO and H, thermal desorpuon measurements. Essentally all of the ammonia that

is formed desorbs rather than decomposes (14).
B. Electron Energy Loss Spectroscopy

In discussing the EEL spectra of NH,CHO on Ru(001), it is convenient to consider separately two
distinct coverage regimes. For low inital coverages (exposures <2 L, where the amount of NH,CHO
that decomposes is less than approximately 0.05 monolayer), only a single surface species is detected
by EELS following adsorption at 80 K. For higher coverages (exposures >2 L, where the amount of
formamide decomposing is greater than approximately 0.05 monolayer), an additional surface species is

present at 80 K due 1o the passivation of the surface by the products of the initial adsorption reacton.
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The low and high coverage regimes are thus treated separately below.

1. Low Coverage

The EEL spectra that result following 0.5 L exposures of NH,CHO and ND,CHO to the clean
Ru(001) surface at 80 K are shown in Fig. 7. In both spectra there is a weak loss feature near 2000
cm™ due 1o v(CO) of a very small amount (<0.005 monolayer) of coadsorbed CO. This CO is
adsorbed from the chamber background and is not due to formamide decomposition. In addition, the
ND.CHO spectrum shows a weak v(NH) loss feature at 3380 cm™ due to a small amount of NHDCHO
and/or NH,CHO contamination. The other loss features in both spectra disappear concomitantly
upon annealing to approximately 250 K, and may therefore be assigned to a single surface species that

is formed upon the adsorption of formamide at 80 K.

For a number of reasons, the species present on the surface at 80 K may be identified as NH,CO.

First, both spectra of Fig. 7 show no evidence of a carbon-hydrogen stretching mode in the 2800-3100

cm™ region, and corresponding spectra measured off-specular also show no evidence of a v(CH) mode.
The latter measurement is of importance because V(CH) modes are ofien detected most easjly in off-
specular EEL spectra (1). Since the v(CH) mode is clearly detected in several formamide-derived
species (including the parent molecule) on the Ru(001)-p(1x2)-O surface (2), it is concluded that
carbon-hydrogen bond cleavage has occurred upon the adsorption of formamide at 80 K. Second, since
there a.ré no vibrational modes in either spectrum due to oxygen adatoms (23), nitrogen adatoms [see
Fig. 9(c)], or CO (other than a trivial amount of CO adsorbed from the chamber background), it is
apparent that the carbon-nitrogen and carbon-oxygen bonds of formamide remain intact. This conclu-
sion is justified since our previous studies of formamide decomposition on Ru(001)-p(1x2)-O show that
loss fcaturc§ due o carbon monoxide and atomic oxygen are easily detected in the presence of coad-
sorbed formamide and its decompositon products (2). Third, the clear presence of two nitrogen-
deuterium stretching modes in the ND,CHO spectrum, the NH, wagging mode at 820 cm™ which shifts
down to approximately 600 cm™ upon N-deuteration, and the mode at 1580 cm™ in the NH,CHO spec-

trum which shifts down markedly upon N-deuteration [indicating that this mode has substantial S(NH,)

character] all indicate that the NH; bonds are not broken. Taken together, these arguments serve 1o
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identifly the species that is present on the surface as NH,CO. Such a species may be either n'(C)-
bonded (3), n%C,0)-bonded (5), or n*C,N)-bonded (7) (cf. Fig. 1, illustrations 1, 3 and 5b). However,
n%C.N)-OCNH, species in organometallic compounds exhibit strong v(CO) modes near 1775 cm™ (7),
and all organometallic analogues of 1!(C)~CONH, exhibit strong v(CO) stretching modes between 1500
and 1650 cm™ (3). Since these modes are clearly lacking in Fig. 7(b), the surface species is identfied
as N*(C,0)-NH,CO. Since the carbon-oxygen bond of the n%C,0)-NH,CO has undergone substantial
rehybridization, its bond order is significanuy less than two. The precise carbon-oxygen and carbon-
nitrogen bond orders are somewhat indeterminate, however, since several resonance structures may be
drawn for this surface species (cf. Sect IV). It might be noted in passing that the observation of two
metal-ligand swrewching frequencies (see below) is another argument that the surface species present is
not 1'(C)-CONH, (24). It shouid be pointed out that hydrogen adatoms are also present on the surface

together with the 1%(C,0)-NH,CO, but are not detected by EELS due to their very weak loss features.

Due 10 substantial coupling among several vibrational modes of n%C,0)-NH,CO and n%C.,0)-
ND.CO, a complete mode assignment is not possible without the benefit of a normal mode analysis.
However, several of the observed loss features may be assigned unambiguously. The peaks at 270(270)
and 360(370) cm™ in the case of n*(C,0)-NH:CO [n%*(C,0)-ND,CO] are both assigned to ruthenium-
NH:CO sueiching modes. The peak at 820 cm™ in Fig. 7(a) shifts down o approximately 600 cm™
upon N-deuteration, so thal it overlaps with the peak at 655 cm™, forming a single broad feature cen-
tered at 615 cm™. As stated above, the 820 cm™ peak is thus identified as the NH, wagging mode,
w(NHy), and the peak at 655 cm™ is identified as the NCO bending mode, (NCO). The peak at 3370
cm™ in Fig. 7(a) is due to the unresolved v,(NH,) and v,(NH,) modes, while in the case of n%(C,0)-
ND,CO, v,(ND,) and v,(ND,) occur at 2455 and 2560 cm™, respectively. Four additional peaks appear
in each spectrum, at 1015, 1300, 1370 and 1580 cm™ for n%(C,0)-NH,CO; and at 980, 1085, 1285 and
1440 cm™ for n*(C,0)-ND,CO. In the case of n%C,0)-NH,CO, four modes are expected between
1000 and 1600 cm™, as observed: the symmetric and asymmetric NCO streiching modes, and the NH,
scissoring and rocking modes. However, coupling among these four modes is evidently significant and

renders the mode descripuons v,(NCO), v,(NCO), 8WNH;) and p(NH,) rather meaningless. We note
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‘again, however, that the 1580 cm™ mode in Fig. 7(a) must have substantial 8(NH;) character, since the

highest of these four "middle frequency modes” of n*C,0)-ND,CO occurs at a frequency 140 cm™!
lower than this. The observed vibrational frequencies and partal mode assignments for n%C,0)
NH,CO and n*C,0)-ND,CO are summarized in Table I. For comparison, Table IT provides vibrational
frequencies and mode assignments for liquid and gas-phase formamide.

The EEL spectra of low coverages of formamide adsorbed on clean Ru(001) at 80 K show that
nz(C.O)-NHzCO remains on the surface when the surface is annealed briefly 1o lemperatures below
approximately 230 K, at which point decomposition of the n3(C,0)-NH,CO begins. The only change in
the EEL spectra for annealing temperatures below 230 K is that following annealing to 200 K the
©(NH,) mode [(NDy) in the case of n%C,0)-ND,CO)] increases in intensity by approximately a factor
of two, while the intensities of the other vibrational modes of N%(C,0)-NH,CO remain essentially con-
stant. This suggests a reorientation of the NH, group as the surface is heated. The intensity of the

®(NH.) mode is expect=d to be greatest when it involves mouon of the NH, hydrogen atoms that is

largely perpendicular to the surface (25).

Annealing the Ru(001) surface on which n%(C,0)-NH,CO is present to 250 K causes the vibra-
tonal features due 1o N%C,0)-NH,CO 1o disappear completely, leaving the EEL spectrum shown in
Fig. 8(a). This EEL spectrum is characterized by intense peaks at 460, 1160 and 1985 cm™, and by
weak peaks at approximately 690, 1350, 1590 and 3315 cm™'. The intense peaks at 460 and 1985 cm™
are identified easily as v(RuC) and v(CO) of carbon monoxide adsorbed in on-top sites (20,26). Based
on a comparison 10 an EEL spectrum of ammonia adsorbed on the Ru(001) surface at 80 K and

annealed briefly to 300 K (9_\};3 ~ 0.02-0.03 monolayer) [Fig. 8(b)], the peaks at 1160, 1590 and (in

part) 3315 cm™ are identfied as being due 1o adsorbed ammonia. Previous EELS studies of NH,
adsorbed on Pi(111) (27), Ag(110) (28), Ni(111) (29), Ni(110) (29), and Fe (110) (30) have yielded
very similar EEL spectra, and these modes are assigned as §,(NH,), §,(NHa) and v,(NH,), respectively.
Finally, the modes at 690 and 1350 cm™, and pan of the intensity of the 3315 cm™ mode, are due 10 a
third surface species which is identified as adsorbed NH. The mode assignments for this species are the

following: v(NH), 3315 cm™; &NH), 1350 cm™; and v(Ru-NH), 690 cm™ (see below). Thus the
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three spectroscopically isolated decomposition products of nz(C,O)—NHZCO on Ru(001) are CO, NH,
and NH (31). The mode assignments of the EEL spectrum of Fig. 8(a) are summarized in Table IIL
When the Ru(001) surface on which n%(C,0)-ND,CO is adsorbed is annealed to 250 K, the CO
modes are again observed at 460 and 1985 cm™'. Rather than a single sharp and intense peak at 1160
cm™, however, four overlapping peaks are observed between 900 and 1160 cm™ due to the symmetric
deformation mode of four different ammonia isotopes: ND3, ND,H, NDH; and NH;. The observed fre-
quencies are 900 cm™ (ND;), 990 cm™ (ND,H), 1090 cm™ (NDH,), and 1160 cm™ (NH,). The major
species formed is ND,H, and substantial amounts of ND; are also formed. (A crude estimate based on
the intensities of the symmetric deformation modes is that the ratio of ND,H to ND; is approximately
3:2.) A V(ND) loss feature is present at 2450 cm™, and a very weak V(NH) loss feature is present at
3295 cm™!. The 8, modes of the various ammonia isotopes, as well as the 3(ND) mode of coadsorbed
ND, are not well resolved. However, a weak loss feature near 680 cm™ is due to V(Ru-ND), and the

ND species undoubtedly contributes to the intensity of the v(ND) loss feature.

Annealing the surface represented by ng. 8(a) to 350 K causes the adsorbed ammonia to desorb
molecularly, leaving only CO and NH in subsequent EEL spectra (31) and allowing a more definitive
characterization of the NH species. Figure 9(a) shows the specular EEL spectrum of the surface follow-
ing annealing to 350 K, while Fig. 9(b) shows the EEL spectrum of the same surface, but measured 10°
off-specular toward the surface normal. The importance of the off-specular spectrum is that it allows
the weak v(Ru-NH) mode of adsorbed NH at 690 cm™ to be resolved much more clearly from the tail
of the elastic peak that is attenuated more rapidly Lha|n the loss peaks in off-specular measurements.
Note that annealing from 250 K [Fig. 8(a)] to 350 K [Fig. 9(a)] causes the integrated intensity of the
v(NH) mode at 3315 cm™ to decrease by only approximately 40%, indicating that the NH does indeed
contribute significantly to the intensity of this mode in Fig. 8(a). Table IV lists the vibrational modes
of adsorbed NH and compares them to those of the adsorbed NH species identified previously as a
product of hydrazine decomposition on Ni(111) (32). The observed 8(NH) frequency of 1350 cm™ is
well within the range of 1200-1420 cm™ observed for (NH) in organic imides (33). Table IV also

lists the vibrational frequencies of the various modes of ND formed from ND,CHO decomposition on
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Ru(001), which are the following: V(ND), 2460 cm™; 8(ND), 1050 cm™; and v(Ru-ND), 680 cm™,

The corresponding vibrational frequencies of ND on Ni(111) are listed as well.

Annealing the Ru(001) surface to just over 400 K results in the decomposition of NH, leaving
only CO, nitrogen adatoms, and a small amount of hydrogen adatoms on the surface. The nitrogen
adatoms are identified by a loss feature at 580 cm™ due to the vibration of these atoms perpendicular to
the surface, i.e. v{(RuN). This mode appears as a shoulder on the v,(RuC) mode of coadsorbed carbon
monoxide, when the latter is present. Annealing to 500 K desorbs the CO (and all remaining hydro-
gen), leaving only nitrogen adatoms on the surface [Fig. 9(c)]. The v,(RuN) mode of the nitrogen
adatoms remains present- (and of constant intensity) in EEL spectra after the surface is annealed to 700
K, then attenuates and disappears as the surface is annealed to just over 800 K, in agreement with the

N, thermal desorption results for low coverages of formamide.

2. High Coverage

For initial formamide exposures at 80 K that are greater than approximately 2 L (but below the
exposures necessary to condense formamide multilayers), both n%(C,0)-NH,CO and molecular formam-
ide are observed as adsorption products using EELS. The molecular formamide is 1'(0)-NH,CHO, the
same species that is formed following formamide adsorption at 80 K on the Ru(001)-p(1x2)-O surface
(2). Although many of the loss features due to 7'(O)-NH,CHO overlap to some degree the loss
features due to M*(C,0)-NH,CO, the v(CO) loss peak of the former species is quite strong and is
resolved clearly at 1670 cm™, and the v(CH) loss peak is also observed at 2880 cm™. The frequency

of v(CO) indicates that the CO double bond is maintained in the molecularly adsorbed formamide.

The decomposition of n'(0)-NH,CHO (34) is difficult to monitor with EELS, since n%(C,0)-
NH,CO and/or its decomposition products are always present as well, depending on the annealing tem-
perature. Indeed, for a saturation formamide exposure, the %(C,0)-NH,CO is stabilized by the higher
surface coverage, and a small amount is present ©0 290 K. As on Ru(001)-p(1x2)-O (2), the n'(0)-
NH,CHO that is formed undergoes competing desorption and conversion to another surface species at
225 K for a sufficiently high initial exposure (4 L or greater). For formide exposures between 2 and 4

L, only decomposition of 1'(0)-NH,CHO is observed. This new surface species is stable to
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approximately 300 K, but is not easily identifiable due to the presence of several other species on the
surface in this temperature range. However, this intermediate does exhibit vibrational loss features at
1675 cm™ [v(CO)] and 2920 cm™ [v(CH)], and lacks the strong w(NH,) loss feature at 970 cm™ which
characterizes N%(N,0)-NH,CHO on the Ru(001)-p(1x2)-O surface (2). These vibrational features prob-
ably cannot be attributed to n'(O)-NH,CHO, which, if it does not convert to another species, desorbs
well below 300 K. The possible nature of _this intermediate, which is identified tentatively as n'(N)-

NHCHO, will be discussed in Sect. IV.

Annealing the formamide saturated Ru(001) surface to temperatures in the range of 300 to 350 K
causes all of the n%(C,0)-NH,CO to decompose and all of the ammonia that is formed to desorb, leav-
ing a much simpler EEL spectrum. Identical EEL spectra are obtained if formamide is adsorbed on
Ru(001) at room temperature and annealed to 350 K to desorb residual ammonia (cf. Fig. 10). The
species detected in such EEL spectra include CO, NH and a small amount of nitrogen adatoms (31).
More significantly, a new surface species is detected which must arise from the decomposition of
1'(0)-NH,CHO via the unidentified intermediate discussed in the previous paragraph. This new species
maintains the carbon-hydrogen bond as indicated by a v(CH) loss feature at 2940 cm™, and shows an
intense loss feature at 1770 cm™ that is characteristic of a carbonyl double bond in which the oxygen
atom is not coordinated to the metal atom via an electron lone pair donor bond. The new species is
thus identified as containing a formyl (HCO) group. Three such species must be considered in deter-
mining the identity of this intermediate: '(C)-HCO (n'-formyl, which could be formed from carbon-
nitrogen bond cleavage of formamide), n'(N)-NHCHO, and n'(N)-NCHO. The possibility of n'-formyl
formation can be ruled out since all n!-formyl ligands identified in organometallic compounds have a
v(CO) frequency between 1540 and 1614 cm™ (35), more than 150 cm™ lower than the frequency of
1770 cm™ observed in the present case. In addition, 1'-formyl is not observed as a decomposition
product of formaldehyde on Ru(001) (10), so its formation from formamide is not expected, especially
above 300 K. On the other hand, n'(N)-NHCRO ligands identified in organometallic compounds have
v(CO) frequencies between 1708 and 1758 cm™ (4), in good agreement with the present data, and an

N'(N)-NCHO species would be expected to have a similar v(CO) frequency. A definite distinction
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between n'(N)-NHCHO and n'(N)-NCHO is not possible because the presence of significant amounts

of coadsorbed NH in the EEL spectrum of Fig. 10 makes it impossible 10 determine whether or not the
intermediate gives rise to a nitrogen-hydrogen streiching vibraton. We tentatively prefer n'(N)-NCHO
over N'(N)-NHCHO, because we believe that the latier species is present below 300 K and would prob-
ably undergo NH bond cleavage below 375 K. The identification of this intermediate as n'(N)-NCHO
would allow all the loss features in Fig. 10 10 be identified as follows. The intense loss features at 430
and 2000 cm™! are due to carbon monoxide, while the features at 3280 and (in part) 1380 cm™ are due
to NH. The weak feature at 565 cm™ indicates that a small amount of NH has decomposed, leaving
nitrogen adatoms on the surface. The remaining loss features can be attributed to vibrational modes of
n!(N)-NCHO: v(CH), 2940 cm™}; w(CO0), 1770 cm™; n(CH), 1150 cm™; &NCO), 760 cm™; and
v,(RuN), 340 cm™. The peak at 1380 cm™ is quite broad and probably derives intensity from &CH)
and v(CN) of 111(N)-NCHO as well as from 8(NH) of coadsorbed NH, since this peak is more intense
[relative 10 the v(NH) peak] than would be expected if only NH were present. As the surface is
annealed 10 progressively higher temperatures, the loss features at 2940, 1770, 1150, 760 and 340 cm™!
atienuate and disappear in unison, verifying that they are due 10 a single surface species. The EEL

spectrum of Fig. 10 is thus fully consistent with the presence of an 1! (N)-NCHO species.

Further annealing of the formamide saturated Ru(001) surface 1o 375 K causes the n'(N)-NCHO
to dissociate to carbon monoxide, nitrogen adawoms and (by inference) hydrogen adatoms, so that only
these species and NH remain on the surface. In contrast to the low coverage data, EEL spectra show
that some NH is still present on the surface at 400 K, but that it decomposes completely by 430 K.
The desorption of CO (and all remaining hydrogen) is complete below 500 K, leaving only nitogen
adatoms on the surface which are manifest in EEL spectra by v,(RuN) at 580 cm™. The recombinative

desorption of N; is complete by 810 K, leaving the clean Ru(001) surface following annealing to this

lemperature.

An additional issue of importance is the branching ratio for the two observed decomposition
mechanisms of formamide on Ru(001), i.e. of the approximately 0.15 monolayer of formamide that

" decomposes following a saturation exposure, how much decomposes via n%(C,0)-NH,CO and how
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much via '(0)-NH,CHO and n'(N)-NCHO? This branching ratio may be estimated using the intensity

of the 2000 cm™ carbon monoxide loss peak following annealing 1o 300 K, since by this temperature
all the n%C,0)-NH,CO has decomposed to CO and either NH or NH;, while lite if any of the n'(N)-
NCHO has yet decomposed. This estimate makes use of the known coverage versus intensity relation-
ship for this CO loss feature (20). The resulting estimate is that approximately 0.10 monolayer of for-
mamide decomposes via the n*C,0)-NH,CO iniermediate, while the remaining approximately 0.05

monolayer decomposes via 1'(N)-NCHO.

Finally, as discussed in Sect. ITI.A.1, exposing the clean Ru(001) surface at 80 K to approxi-
mately 8 L or more of NH,CHO results in the condensadon of molecular multilayers of formamide,
which desorb when the surface is annealed 10 210 K. As expected, these multilayers are identcal to

those formed on the Ru(001)-p(1x2)-O surface (2b).

IV. Discussion

It has been shown that the adsorpton of low coverages of formamide on clean Ru(001) (i.e.
where the amount of formamide that decomposes is less than 0.05 monolayer) at 80 K results in CH
bond cleavage and rehybridization of the carbonyl double bond to produce an n*(C,0)-NH,CO species
and a hydrogen adatom. No other surface species is identified by EELS below 230 K. The only ther-
mal desorption products detected for these low formamide exposures (<2 L) are CO near 480 K, H,
near 420 K, N, near 770 K and NH, near 315 K. The CO and NH;, result from molecular desorption,

while the H, and N, result from the recombinative desorption of hydrogen and nitrogen adatoms.

The structure and bonding of the 1%(C,0)-NH,CO is of considerable interest since such a species
has not been identified previously on a metal surface. Unfortunately, the lack of a definitive mode
assignment due to the presence of significant mode coupling places limits on the conclusions that can
be drawn. Several organometallic analogues have been synthesized and characterized, but vibratonal
data are scarce. In most of these n%(C,0)-NR,CO ligands, the CO and CN bond orders are less than
two and greater than one, so that substantial mode coupling occurs between v(CO) and v(CN), making
the mode descriptions v,(NCO) and v,(ONCO) more meaningful. A series of mononuclear uranium and

thorium compounds have been synthesized with the metal-formide group represented by the resonance
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structures shown below (5a).
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Ho=E = NN, ¥ - C=NR, M- C=NR

(M = U or Th, R = alkyl, additonal ligands not shown.)

These compounds have v,(NCO) frequencies between 1491 and 1559 cm™, and v,(NCO) frequencies
between 1298 and 1346 cm™. Also relevant to n*C,0)-NH,CO on Ru(001) are the 7%C,0)-NR,CO
ligands in several trinuclear ruthenium (Sc.,e) and osmium (5b,d) complexes, the sirucmrcs of which

have been represented as follows:

-
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C=0 \¢ - 0
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(M = Ru or Os, R = alkyl, additional ligands not shown.)

Although TR data with mode assignments are not available for these compounds, X-ray structures show
clearly that both the CO and CN bonds of the OCN group have bond lengths intermediate berween
those expected for single and double bonds. For example, the OCN(CH,); ligand in
HRu,;(OCN(CH3)2)(CO),o has CO and CN bond lengths of 1.287 and 1.340 & (50), respectively, while
"typical” C=0, C-O, C=N and C-N bond lengths are approximately 1.22, 1.43, 1.27 and 1.47 A, respec-
tively (36). We expect that the structure of n%(C,0)-NH,CO on Ru(001) is similar 1o the structures
observed for the n?*(C,0)-NR,CO ligands in these trinuclear ruthenium and osmium complexes, and
indeed the rehybridization of the CO bond may occur to an even greater extent on the extended

ruthenium surface due to the following additional resonance structure:

N
Hz \c.- 0
&
S\
(110000Ellnel




78,
The species most closely related to Mm*(C,0)-NH,CO that has been identified previously on

Ru(001) is n*C,0)-HCO (n3-formyl), which is formed (along with chemisorbed CO and hydrogen
adaloms) following relatively low exposures of formaldehyde w© this surface at 80 K (10). The n2-
formyl has a v(CO) frequency of 1180 cm™, indicative of a CO bond order of approximately 1.3. In
this case, the assignment of v(CO) is straightforward and meaningful, because coupling to the CH bend-
ing modes is insignificant. [The mode identified as v(CO) shifts down only slightly 1 1160 cm™ upon
deuteration of the formyl.] The decomposition of N%C,0)-NH,CO is similar to that of n?-formyl on
Ru(001) in that carbon monoxide is the only oxygen- or carbon-containing decompositon product. The
N*C,0)-NH,CO is considerably more stable than n2-formyl, however, since the latter decomposes to
carbon monoxide and hydrogen adatoms upon annealing to only 120 K. The fact that formamide can
undergo CH bond cleavage at 80 K on Ru(001) is not surprising in view of the fact that formaldehyde
does. The CH bond energies of these two molecules are similarly low: 87 kcal in formaldehyde (37)

and 89 kcal in formamide (38).

The spectroscopically observed decomposition products of n%(C,0)-NH,CO, appearing in the tem-
perature range 230-250 K, are CO, NH; and NH. Additional hydrogen adatoms also result from the
decomposition of this species, since very little ammonia (<0.02 monolayer) is produced. The rate-
limiting step in this decompositon is almost certainly CN bond cleavage to produce NH; and CO,
because if NH bond cleavage preceded CN bond cleavage, NH, would probably not be formed (39).
Since NH, is not observed spectroscopically, it is concluded that this species is unstable on Ru(001) at
250 K (on the time scale of seconds at these surface coverages) and rapidly dehydrogenates to NH or is
hydrogenated by a hydrogen adatom to NHi. The ammonia that is produced desorbs molecularly at 315

K, in agreement with previous studies of ammonia adsorpton on Ru(001) (14a).

The NH species observed on Ru(001) from forr_namide decomposition is only the second NH
species that has been identified spectroscopically on a metal surface. The first was NH formed from
hydrazine decomposition on Ni(111) (32), and Table IV shows that the vibrational frequencies of the
two species are quite similar. Since the only examples known to us of NH ligands in organometallic

complexes are in complexes containing at least three metal atoms with the nitrogen atom in a threefold
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hollow sile among three metal atoms (40), it is very likely that NH on Ru(001) occupies threefold hol-

low siles as well. This is undoubtedly also true of the NH on Ni(111), a surface that has the same hex-

agonally close-packed structure as Ru(001).

The decomposition of ND;CHO on Ru(001) leads to the formation of chemisorbed ammonia, with
ND;H and ND, being formed in an approximate ratio of 3:2. We suspect that the minor amounts of
NDH; and NH; that are formed result from sample contamination by NHDCHO and NH,CHO. The
adsorption at 80 K of pure ND,CHO would produce n?(C,0)-ND,CO and hydrogen adatoms. Decom-
position of n%(C,0)-ND,CO would then produce (presumably) a short-lived ND, species, which would
either dehydrogenate to ND with the production of a deuterium adatom or be hydrogenated to ammonia
by a hydrogen adatom or, in some cases, by a deuterium adatom formed from ND, decomposition to
ND. Since there will be more hydrogen adatoms present on the surface than deuterium adatoms, the
ammonia that is formed would be mainly ND,H with a smaller amount of ND;. The formation of some
NDH; could conceivably result from H/D exchange into ND,H, bul preliminary results suggest that this
reaction should not occur under these conditions (39). As expecied, the "NH" formed from ND,CHO
decomposition is almost entirely ND, and the small amount of NH formed may result i‘rom sample con-

tamination or from H exchange into ND.

For sufficientdy high formamide exposures (22 L) to the Ru(001) surface at 80 K, molecularly
adsorbed 1'(0)-NH,CHO is observed in EELS in addition to n*%C,0)-NH,CO. This indicates that the
initial products of adsorption, n%(C,0)-NH,CO and hydrogen adawoms, passivate the surface with respect
to subsequent CH bond cleavage and CO bond rehybridization so that at higher coverages the molecu-
larly adsorbed n'(0)-NH,CHO species is formed as on the Ru(001)-p(1x2)-O surface (2). A similar but
more complex situation occurs in the case of formaldehyde adsorption on Ru(001), where the following
adsorpuon products appear sequentially with increasing exposure at 80 K: CO + 2H, n%C,0)-HCO +
H, n%C,0)-H,CO and n'(0)-H,CO (10). In the case of formamide adsorption on Ru(001) at 80 K, no
n*C,0)-NH,CHO species is detected unambiguously for intermediate formamide exposures, which
might have been expected from the formaldehyde results. It is possible, however, that such a species is

formed in small amounts, but that its loss features cannot be resolved from those of the other surface
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species that are present.

The 1'(0)-NH,CHO decomposes completely upon annealing for formamide exposures less than 4
L (amount of formamide decomposing less than approximately 0.10 monolayer), whereas for exposures
greater than 4 L it undergoes competing desorption and decomposition at 225 K. While we have no
quantitative estimate of the amount of 7'(0)-NH,CHO that desorbs molecularly, the amount that
decomposes following a a saturation formamide exposure is approximately 0.05 monolayer. Two stable
decomposition intermediates are observed in the decomposition of 1'(0)-NH,CHO, one that is present
from approximately 225 to 300 K and the second from 300 to 375 K. The species that is stable from
approximately 300 to 375 K is probably n'(N)-NCHO, analogous to the NH species formed from
Nn%(C,0)-NH,CO decomposition, but with the hydrogen atom replaced by a formyl group. This species
decomposes to CO, nitrogen adatoms, and hydrogen adatoms upon annealing the surface to 375 K. The
first intermediate, present from 225 to 300 K, contains a carbon-oxygen double bond [v(CO) = 1675
cm™'] and a carbon-hydrogen bond [V(CH) = 2920 cm™], but lacks the intense w(NH,) loss feature at
970 cm™ that characterizes 1%(N,0)-NH,CHO on Ru(001)-p(1x2)-O (2), a species that is formed on
that surface by conversion of n'(0)-NH,CHO at 225 K and which is bonded to the surface via electron
lone pairs on both the oxygen and nitrogen atoms. While the identification of this intermediate is un-
certain, it seems likely that the coordination of the nitrogen atom to the surface must occur at 225 K in
order to lead to the eventual formation of n'(N)-NCHO. We suggest that on Ru(001) this occurs via
nitrogen-hydrogen bond cleavage to produce an N-bonded NHCHO species that maintains the carbonyl

double bond and the donor bond between the oxygen atom and the metal surface, as shown below:

H
l
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This species could convert to 1'(N)-NCHO at 300 K by simultaneously undergoing cleavage of the
remaining nitrogen-hydrogen bond and the oxygen-ruthenium donor bond. It is not clear in detail, how-
ever, why such an N-bonded NHCHO species would not convert to the formate-like species

N*(N,0)-NHCHO ([cf. Fig. 1, species (4)], which is formed upon nitrogen-hydrogen bond cleavage of
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n3(N,0)-NH,CHO at 265 K on Ru(001)-p(1x2)-O (2). In general, the answer undoubtedly lies largely

in the differing electronic properties of the Ru(001) and Ru(001)-p(1x2)-O surfaces.

A final issue to be addressed is the complex nature of the hydrogen thermal desorplion spectra.
For a saturation formamide exposure, the following reactions produce hydrogen adatoms as the surface

is healed [assuming the presence of both N-bonded NHCHO and NCHO intermediates in n'(0)-
NH,CHO decomposition]:

80K
(i) NH,CHO(g) — n*C,0)-NH,CO + H + 1!(0)-NH,CHO,

225K
(i) 1N'(0ONH,CHO — NHCHO + H,

230-290K
(i) N%C.O-NH,CO —  CO + NH + H (or CO + NH,),

300K
(ivy NHCHO — n'(N)-NCHO + H,

375K
(v) N'ONNCHO — CO+N+H,

375-430K
(vi) NH — N + H.
Here (g) denotes a gas phase species, and all other species are adsorbed. If we consider a saturation
exposure of ND,CHO, and neglect contamination by NHDCHO or NH,CHO, reactons (i) and (v) will
produce hydrogen adatoms, while reactions (ii), (iii), (iv) and (vi) will produce deuterium adatoms (41).
Although the four hydrogen desorption peaks at 280, 300, 375 and 410 K (cf. Fig. 4) cannot be
assigned exclusively to surface hydrogen produced by any single reaction listed above, several conclu-
sions can be drawn. First, since NH decomposes above 375 K, the hydrogen produced by NH decom-
position must desorb in the 410 K peak (with perhaps a small amount desorbing in the 375 K peak).
Indeed, the desorption of hydrogen at 300 K is a minor piece of evidence supporting the decomposition
of '(N)-NHCHO 10 n'(N)-NCHO at this temperature. This scheme is also in_ agreement with thermal

desorption results for ND,CHO that show the 410 K peak to contain mainly D,, a result that shows the
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hydrogen in this peak is derived largely from the ND, group of the initially adsorbed formamide. Some
HD also desorbs at 410 K since not all of the hydrogen adatoms formed by reaction (v) desorb immedi-
ately in the 375 K peak. Thus, while not all hydrogen in the 410 K peak results from NH decomposi-
von, it is NH decomposition near 410 K that increases the surface hydrogen (H or D) adaiom concen-
tration and serves to trigger this intense desorption peak. Similarly, the desorption of hydrogen at
280, 300 and 375 K is probably triggered by reactions (iii), (iv) and (v), respectively (42). Indeed, the
desorption of hydrogen at 300 K is a minor piece of evidence supporting the decomposition of n'(N)-
NHCHO 1 1'(N)-NCHO at this temperature. This scheme is also consistent with large amounts of HD
in the 375 K peak (cf. Sect ITI.A.3), since reaction (v) produces hydrogen adatoms which will recom-
bine with adatoms on the surface, and the latter will be primarily deuterium rather than hydrogen. We
emphasize once again that the problem of sample contamination (and, to a lesser degree, the difficulty
of peak deconvolution) makes a more quantitative analysis of the amounts of H,, HD and D, desorbed

in each peak impossible.

V. Conclusions

Following a saturation formamide exposure on the clean Ru(001) surface at 80 K, approximately
0.15 monolayer of formamide decomposes. This decomposition occurs via two distinct mechanisms.
The major one, accounung for 0.10 monolayer of formamide that decomposes at saturation, is the only
decomposition mechanism that occurs at low coverage and may be written as follows (the temperatures

given are for the low coverage limit):

80K
NH,CHO(g) — n*C.0)-NH,CO + H

1%(C.0)-NH,C0 0725% co 4 NH + H + NH,

315K
NH; — NHi(g)

480K
CoO - CO(g)

400—430K
NH — N+H

420K
2H - Ha(g)
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770K
2N = Nip)

Al saturation, approximately 0.08 monolayer of NH and 0.02 monolayer of NHj is produced.

For exposures greater than 2 L, where the amount of formamide that decomposes is grealer than
approxmately 0.05 monolayer, a second decomposition mechanism occurs. In this mechanism, n'(0)-
bonded molecular formamide, formed from formamide adsorption at 80 K, converts near 225 K to an
intermediate believed to be an N-bonded NHCHO species. At 300 K, this intermediate converts o an
intermediate tentatively identified as n'(N)-NCHO, a species analogous to NH but with the hydrogen
atom replaced by a formyl group. This intermediate decomposes near 375 K to coadsorbed carbon
monoxide, and nitrogen and hydrogen adatoms. For exposures greater than 4 L, where the amount of

formamide that decomposes is greater than approximately 0.09 monolayer, some molecular desorption

of n'(0)-NH,CHO occurs also at 225 K.

The reactions and surface intermediates observed in formamide decomposition on clean Ru(001)
and on Ru(001)-p(1x2)-O are quite different. However, n‘(O)-N'HzCHO is formed on both surfaces
under certain conditions of coverage and temperature. The amount of formamide that decomposes fol-

lowing a saturation exposure increases by a factor of three, from 0.05 to 0.15 monolayer, in going from

the oxygen covered to the clean surface.
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Sexton, B.A.; Mitchell, G.E., Surface Sci. 1980, 99, 523.

Gland, J.L.; Sexton, B.A.; Mitchell, G.E., Surface Sci. 1982, 115, 623.

Fisher, G.B.; Michell, G.E., J. Electron Spectros. Related Ph. 1983, 29, 253.

Erley, W.; Ibach, H., Surface Sci. 1982, 119, L357.

Hydrogen adatoms are also present on the surface but are not detected by EELS due 1o their

small cross secton for inelastic scattering (21d).
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son, D.L., J. Organomet. Chem. 1977, 140, Cl1. (e) Gladysz, J.A.; Selover, J.C., Tetrahedron Len.
1978, 319. (f) Collins, TJ.; Roper, W.R., J.C.S. Chem. Comm. 1976, 1044.

The "typical™ bond lengths are estimated from covalent radii. See Jolly, W.L., “The Pninciples of

Inorganic Chemisory™ 1976, McGraw-Hill, N.Y., p. 36.
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(a) Fjare, D.E.; Gladfelter, W.L., J. Am. Chem. Soc. 1981, 103, 1572. (b) Fjare, D.E.; Gladfelter,

W L., Inorg. Chem. 1981, 20, 3533.

This analysis also assumes that no H/D exchange occurs among the various adsorbed surface
species.

The fact that an H, thermal desorption peak occurs at 300 K following saturation exposures sup-
ports the idea of a dehydrogenation reaction occurring at this temperature and thus, indirectly,
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Suzuki, L, Bull. Chem. Soc. Jpn. 1960, 33, 1359.
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Table I.  Frequencies in cm™ of the observed vibrational modes of n%C,0)-NH,CO and n*C,0)-

ND,CO on Ru(001).

Mode n*%C,0)-NH.CO n*C,0)-ND,CO Frequency Shift
v,(NH,) 2560 -1.32
3370°
v,(NH,) 2455 ~1.37
See text* 1580,1370 1440,1285 -
1300,1015 1085.980

w(NH,) 820 -600* ~1.37
S(NCO) 655 -650° ~1.01
v(Ru-NH,C0) 360 370 0.97

270 270 1.00

*Coupling among these four modes precludes specific mode assignments. The (uncoupled)
modes involved are v,(NCO), v,(NCO), 8NH;) and p(NH,).

¢ This feature is broad, and the v,(NH,) and v,(NH;) modes are not resolved clearly.

® These two modes overlap in the case of n%(C,0)~-ND,CO.
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Table II. Frequencies in cm™ and mode assignments for liquid NH,CHO, liquid ND,CHO and gas
phase NH,CHO.

Mode  NH,CHOQ) (43) ND,CHOQ) (43) NH,CHO(g) (44)

v,(NH,) 3330 2556 3545
v,(NH,) 3190 2385 3451
v(CH) 2882 2887 2852
v(CO) 1690 1667 1734
S(NH,) 1608 1118 1572
5(CH) 1391 1398 1378
V(CN) 1309 1338 1255
n(CH) 1056 1056 1030
p(NH,) 1090 912 1059
©(NH,) 750 450 602
T(NH,) 200 - 289
SNCO) 608 570 565

a = asymmetric, s = symmetric
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Table ITI. Summary of vibrational frequencies in cm™ and mode assignments for the decomposition
products of N%C,0)-NH,CO on Ru(001) after annealing to 250 K.

Species Mode Frequency

CcOo v(CO) 1985
v(Ru-CO) 460
NH3 V(NH;)- 3315

8,(NH3) 1590

5,(NH,) 1160

NH v(NH) 3315
S(NH) 1350

v(Ru-NH) 690

¢ The v,(NH,) and v,(NH;) modes of adsorbed NH; are not resolved from the v(NH) mode of coad-
sorbed NH.
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Table IV. Vibrational frequencies in cm™' and mode assignments for NH and ND on Ru(001) (this
work) and Ni(111) (32).

Ru(001) Ni(111)

Mode NH ND  Shift NH ND  Shift
v(NH) 3315 2460 135 3340 2480 1.35
8(NH) 1350 1050 129 1270 950 1.34
v(M-NH) 690 680 1.01 620 580 1.07
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Figure Captions

Figure 1:

Figure 2:

Figure 3:

Figure 4:

Figure 5:

Figure 6:

Figure 7:

Figure 8:

Several possible decomposition products of formamide on a metal surface. All of these
species have known organometallic analogues (in some of which one or both hydrogens are
replaced by an alkyl or aryl group).

The molecular formamide (m = 45 amu) thermal desorption spectra that result following
various exposures of NH,CHO to the clean Ru(001) surface at 80 K. The approximate for-

mamide exposures are (@) 2L, (b)4 L, (c) 6L, (d) 8L and (e) 12 L.

Thermal desorption spectra of CO (m = 28 amu) that result following various exposures of
NH,CHO to the clean Ru(001) surface at 80 K. The approximate formamide exposures are

(@03L,(b)1L,(c)SLand (d) 10L.

Thermal desorption spectra of H; (m = 2 amu) that result following various exposures of
NH,CHO to the clean Ru(001) surface at 80 K. The inset compares H, thermal desorption
spectra that result following saturation exposures of H, and NH,CHO on this surface. The

approximate formamide exposures are (a) 0.5L, (®) 1L, () 2L, (d) 4 L and (e) 10 L.

The m = 14 amu (N cracking fragment of N,) thermal desorption spectrum that results fol-

lowing a saturation exposure of NH,CHO to the clean Ru(001) surface at 80 K.

Thermal desorption spectra for m/e = 17 amu that result when the Ru(001) surface at 80 K
is exposed to approximately (a) 0.4 L, (b) 2L, (¢c) S L and (d) 8 L of formamide. Only the
high-temperature feature corresponds to ammonia desorption; the peak at 235 K is due to a

molecular formamide cracking fragment.

The EEL spectra that result following 0.5 L exposures of (a) NH,CHO and (b) ND,CHO to
the clean Ru(001) surface at 80 K. These spectra are characteristic of %(C,0)-NH,CO and
n*C,0)-ND,CO.

(a) The EEL spectrum that results when the Ru(001) surface represented in Fig. 7(a) is
annealed briefly to 250 K. (b) The EEL spectrum that results when the clean Ru(001) sur-

face at 80 K is exposed to approximately 1 L NH; and annealed to 300 K.



Figure 9:

Figure 10:

93.
(a) The EEL spectrum that results when the Ru(001) surface represented in Fig. 7(a) is
annealed briefly 10 350 K. (b) An EEL spectrum of the same surface measured 10° off-

specular. (c) The EEL spectrum that results when the surface represented in Fig. 7(a) is
annealed briefly o 500 K.

The EEL spectrum that results when the clean Ru(001) surface at 300 K is exposed to 2 L
of NH,CHO and annealed briefly to 350 K.
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CHAPTER VI

The Adsorption of Formamide on the Ru(001)-p(1x2)-O Surface:
The Spectroscopic Identification of n2(N,0)-NHCHO

[This chapter was published as a Communication by J. E. Parmeter, U. Schwalke and W. H. Weinberg,
in The Journal of the American Chemical Sociery 1987, 109, 1876.]
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Abstract

The adsorption and decomposition of formamide on a Ru(001) surface with an ordered p(1x2)
overlayer of oxygen adaioms have been studied using high-resolution electron energy loss specooscopy
and thermal desorption mass spectrometry. Below approximately 260 K, formamide is chemisorbed
molecularly on this surface in a manner such that the carbonyl double bond is maintained [v(CO) =
1660 cm™]. The formamide undergoes NH bond cleavage near 260 K to form an n*(N,0)-NHCHO
species, which is the nitrogen-containing analogue of a bidentate formate. This species is stable o
approximately 420 K, at which point it decomposes, evolving CO and H; and leaving nitrogen adatoms

on the surface. These desorb as N, near 570 K, leaving the p(1x2)-O overlayer intact on the surface.
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Reprinted from the Journal of the American Chemical Society, 1987, 109, 1876.
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Adsorptioa of Formamide oa the Ru(001)-p(1x2)-0
Sarface: The Spectroscopic Identification of
7(N,0)-NHCHO

J. E. Parmeter,’ U. Schwalke,! and W. H. Weinberg®

Dipision of Chemistry and Chemical Enp‘nnnng
California I of Technol

Pasadena, California 9”23

Received August 11, 1986

Despite their importance as prototypes for studying amino acid
chemistry, the interaction of amides with wellcharacterized
single-crystalline metal surfaces has not been studied previously.
A vanety of transition-metal-formamido compounds have been
synthesized and characterized, h .and 2 ber of form-
amide-derived ligands have been observed. mcludmg 7'(C)-
CONR; (R = H, alkyl or aryl),! w*(N,O)-NRCRO,? »!(N)-
NHC(R)O." 7(C.0)-NR,CO.* ¥(C.N)-OCNHR.* and »*(C.-
N)-HOCNH.* In this paper, we present preliminary results of
an clectron energy loss spectroscopic (EELS) and thermal de-
sorption mass spectrometric (TDMS) study of formamide ad-
sorption on the Ru(001) surface on which an ordered p(1x2)
overlayer of oxygen adatoms is present. This study provides
evidence for the formation of an #*(N,0)-NHCHO species,
analogous to the w*-formate formed from formic acid decompo-
sition on the initially clean Ru(001) surface.”?

The ultrahigh vacuum chamber in which the EELS and TDMS
experiments were performed has been described previously,® as
have the properties and method of preparation of the Ru-
(001)=p(1x%2)-O surface.'™'? The p(1x2)-O overlayer corre-

"AT&T Bell Laboratores Predoctorsl Fellow.

! Feodor-Lynen Ressarch Fellow of the Alezander von Humboldt Fous-
dauon.
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ENERGY LOSS cm™!

Figwre 1. (2) EEL spectrum of the Ru(NI)—;(le)-O surface. (b) The
EEL spectrum that resuits following a § x 10°" torrs exposure of NH;-
CHO to the Ru(001 )=p lll) O surface at 80 K. showing the charac-
teristic (estures of mol bed for de. (c) The EEL
spectrum that results when the surface of (b) is anneaied briefly to 400
K and recooled to 80 K, sh § the ch 1suc features of P(N.-
0)-NHCHO.

Table [. Vibratuonal Frequencies in cm™' and Mode Assignments of
Molecularly Chemusorbed Formamide on the Ru(001)-p(1x2)-O
Surface at 80 K and of Gas-Phase and Liquid Formamde

NH,CHO/
Ru(001)- NH,CHO NH,CHO
mode p(1x2)-0 (gas)*'* (liquid)'?"?
r(NH,) 1490 3545 3388
r(NHy) 3230 3451 3207
»CH) 2940 2852 1881
“CO) 1660 1734 1681
8(NH, 1585 1572 1611
wCN) 1360 1255 1309
#CH) n.o. 1378 1391
»(CH) n.o. 1030 1050
NH; deformations® 1110, 790 1059. 602, 289 1090. 750, 200
3(NCO) ~528* 565 595
#Ru=NH.CHO) 310

*The assignment of the NH; rocking, wagging. and twisting modes
for the molecular formamide 1s somewhat controversial. thus, we have
not attempted (0 assign these modes. *Overlaps with »,(RuO) of oxy-
gen adatoms. “ Not well resoived in Figure |b: sharpens with anneal-
Ing. n.o. = not observed, 2 = asymmetric. s ® symmetnc.

0002-7863/87/1509-1876501.50/0 2 1987 American Chemical Society
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Commumcations 10 the Editor

Table [I. Vibrauonal Frequencies in cm™' and Mode Assignments of
w(N.0)-NHCHO and w*(N.0)-NDCHO on Ru(001)-p(1x2)-0*

[RyMN-
»-NHCHO - (CH,)C-
mode (w3-NDCHO) OCHO' (CH,)0|,»
#NH) 3365 (2480) w
#CH) 2980 (2960) w 2920 w
rn(NCOY n.o. n.o. 1571-1588 at
»(NCOY 1395 (1360) & 1360 st 1392-1400
CH bend 1340 (unresoived) sk 8.0
NH bend* 1140 (920) m
HNCOY 770 (760) m 805m nr
#Ru=-NHCHO)Y 400 (400) nt 380 nt 355492 m
‘1= .4 = ic, st = strong, m = medium, w =

-hsi-nhodd- lo.-nmohnnd.u.r = not reported. *In the
case of v*-OCHO (formate). the closely related modes are. of course,
#,(0CO), #,(OCO), HOCO). and » Re-OCHO), respactively. ‘Sincs
data for CH and NH bending modes in analogous organometallic
compounds are lacking. we do not attempt 1o assign thess beading
modes as in-plane (§) or out-of-plane (7).

sponds 10 a fractional coverage of 0.5, and the oxygen adatoms
occupy threefold hollow sites on the hexagonally close-packed
Ru(001) surface.!'"!2 The most notable feature of the EEL
spectrum of Figure 1a is the strong mode at 585 cm™' which is
duwtht:ynummc vibration of the oxygen adatoms
normal 1o the surface. The asymmetric ruthenium—oxygen stretch
and a ruthenium surface phonon give rise to weaker modes at 430
and 240 cm™', respectively.'?

Adsorption of submonolayer concentrations of formamide on
the Ru(001)—p(1x2)-O surface at 30 K leads to molecularly
chemporbed formamude. as may be seen from the EEL spectrum
of Figure |b and the mode assignments that are listed in Tabie
I. The fact that the H{CO), HCN), (NH,), and {CH) modes
are all present, together with the lack of any modes not due to
molecular formarmde, indicates that little. if any, dissocuation has
occurred. The frequencies of the HCO) (1660 cm™') and »(CN)
(1360 em™') modes are evidence that no significant rehybnidization
of these bonds occurs upon adsorption. The slightly lowered
frequency of the »(CO) mode, relative to its gas-phase value of
1734 cm™!, 'V suggents coordination to the surface via a lone pair
of electrons on the oxygen atom. as has been obeerved for acetone'®
and formaldehyde'’ on Ru(001) surfaces on which ordered
overiayers of oxygen are preseat. The loss feature at 570 cm™'
in Figure 1b is broadened because it results from the overiap of
two modes: the »,(RuQO) mode of the oxygen adatoms and the
intense 3(NCO) mode of the molecularly adsorbed formamide.'®
The loss feature at 1360 cm™ may invoive the in-plane CH bending
mode as well as the {CN) mode.

Annealing the Ru(001)-p(1Xx2)-O surface 10 260 K causes the
molecularly adsorbed formamide to decompose (which is accom-
panied by the desorption of H;®), resulting in the formation of
a new surface species that i3 stable to 420 K. This new species
is identified by its EEL spectrum (Figure lc) as »*(N.O)-
NHCHO, the nitrogen-containing analogue of the »*-formate
formed on Ru(001) as the result of formic acid decomposition:’

(13) Evana, J. C. J. Chem. Phys. 1984, 22, 1228.

(14) King, S. T. J. Phys. Chem. 1971, 75, 403.

(15) Suzuki, |. Bull. Chem. Soc. Jpn. 1968, 33, 1139,

(16) Avery, N. R_; Wanbarg. W. H.. Aswon, A. B.; Toby, B. H. PAys. Rew.
Laee, 1983, 51, 682

(17) Anton. A. B.. Plrm.l E.:. Weinberg, W. H. /. Am. Chem. Soc.
1986, /08, 1823,

(18) The {NCO) mode has besn identified unambiguously from EEL
spectra of (ormamide sdsorbed on 3 hydrogen-pressturated Ru(001) surface
a B0 K" mummﬂ chemusorbad species 1s formed. and there
s no »RuQ) mode at 585 cm™' that overiaps with the {NCO) mode.

(19) Parmeter, J. E.. Schwalks, U Wanberg, W. H., unpublished resulta.

(mmm:du,u-uu zwxu-muy--mud
the wotal amoust of H, that » of the
of formamude oa the surface. Myh-u—dl-l from Ru(001)=p( | X2)-0
must be rescuoe-lizuted because this surface doss not chermsord H, under
UHY cond 7 For suffi Iy high imital formamide coverages. some
molecular desorption occurs as well

J. Am. Chem. Soc., Vol. 109. No. 6. 1987
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The #*(N,0)-NHCHO is aiso related closely to the N(CH,)C-
(CH,)O ligands in compounds of the type shown at the right.
above.® Vibrational data for all of these species are summarized
in Tabie II. and data for *(N,0)-NDCHO formed from ND;-
CHO decomposition on Ru(001)-p(1%2)-O are presented also.
Since ¥*(N,0)-NHCHO differs from »-formate oaly in that an
uypmhnh—nphdbymNH group, the skeietal and

stretching modes of these two species should occur
at very similar frequencies, and it can be seen that this is indeed
true for the NCO (OCO) symmetric stretch, the NCO (OCO)
scissoring mode, and the metal-ligand stretch.?’ The increase
in frequency of 3(NCO) compared with that of the gas-phase
formamide (565~770 cm™) is very similar to the observed increase
in 5(OCO) in going from gas-phase formic acid to n-formate on
Ru(001) (625 o 805 cm™') and is indicative of delocalized -
bonding within the NCO group. The agreement among the
#,(NCO) frequencies of w*(N,0)-NHCHO and the series of (four)
[RyMN(CH,)C(CH;,)O); compounds is clearly excelient. Single
CH and NH stretching modes are identified. and no NH, scis-
soring mode is observed at 1 500~1600 cm™. These facts, together
with the H, desorption near 260 K mentioned above. indicate that
onsNHhudd:hefmmchH,mphuh-lduvd. The
EEL spectrum of Figure Ic is thus fully consistent with the
presence of an #*(N.O)-NHCHO species and in excellent
agreement with EEL and IR data for closely related surface and
organometallic species. Other formamide-derived ligands that
have been identified in organometailic compounds'™ are incon-
sistent with the EEL spectrum of Figure lc for at least one of
several reasons: they have no hydrogen atom bonded to the
formamude carbon atom; they contain NH; groups: they contain
CN or CO double bonds (which should give rise to intense
stretching modes in the 1 500~1800-cm"' region); their §(NCQO)
modes should occur at substantially lower (requency. We note
finally that we observe no EELS (e.g.. »(OH) or (OH;) modes)
or TDMS (e H,0 desorption) evnunu for the formauon of
OH bonds in this work.

The *-NHCHO decomposes when the surface is annealed to
420 K. with reaction-limited CO and H, desorbing at this tem-
perature. Nitrogen adatoms remain on the surface to approxi-
mately 600 K. at which temperature recombinative desorption
of N; occurs, leaving the p(1X2)-O overlayer intact. At a satu-
ration coverage of molecularly chemisorbed formamide on the
Ru(001)-p(1x2)-O surface, approximately 0.05 monolayer of
7*-NHCHO forms and decom

In summary, formamide chemisorbs molecularly on the Ru-
(001 )y=p(1x2)-O surface beow 260 K, in a manner such that the
doubie-bond character of the CO bond is maintained. Annealing
the surface 10 260 K results in the formaton of 7*(N,0)-NHCHO.
which decomposes at 420 K. A more detailed account of this work
will be presented elsewhere.'®
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(21) The »,(NCO) mods iavolves mouocs of atoms largely parsllei Lo Lbe
surface aad 1 spparestly very weak and cannot be muﬁd posiuvely. It
may contributs to the inemsity of the femture at |680 cm™' This feature
persists 1o some when the surface s annealed 10 450 K and the modes
due 1o 4N, O%NHCHO bave disappearsd. It s due largely or enurely to
s very small for readsorbed {rom the chamber
background.
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CHAPTER VII

The Interaction of Formamide with the Ru(001)-p(1x2)-O Surface

[This chapter was published as a paper by J. E. Parmeter, U. Schwalke and W. H. Weinberg, in The
Journal of the American Chemical Sociery 1987, 109, 5083.]
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Abstract

The adsorpton and decomposition of formamide on a Ru(001) surface on which is present an
ordered p(1x2) overlayer of oxygen adatoms have been studied using electron energy loss spectroscopy
and thermal desorption mass spectrometry. Below 260 K, formamide is chemisorbed molecularly on
this surface, with two different forms existing above and below 225 K, independent of coverage. The
form present below 225 K bonds to the surface via an electron lone pair of the formamide oxygen
atom, while the form present above 225 K bonds to the surface via electron lone pairs on both the oxy-
gen and nirogen atoms. Annealing to 260 K results in the partial decomposition of the chemisorbed
formamide to an n*(N,0)-NHCHO species, analogous to n*-formates that have been identified on transi-
uon metal surfaces and in organometallic compounds. For sufficiently high initial formamide cover-
ages, the chemical conversions occurring at both 225 and 260 K are accompanied by some desorption
of molecular formamide. The n*N,0)-NHCHO decomposes near 420 K, evolving H, and CO, and
leaving nitrogen adatoms on the surface. The nitrogen adatoms recombine and desorb near 570 K,
leaving the p(1x2)-O overlayer intact on the surface. For a sawration formamide exposure, approxi-

mately 0.05 monolayer of n2(N,0)-NHCHO forms and decomposes on this surface.
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I. Introduction

At a sufficiently low surface temperature, most if not all molecular adsorbates can chemisorb
without dissociation on metal surfaces. The two most common ways for this to occur are by bonding
through an electron lone pair localized on one atom of the adsorbed molecule, or through the rehybridi-
zaton of a molecular m-bond so that the molecule is bound to the surface in a di-o bonded
configuration. The former type of bonding occurs commonly for simple oxygen- and nitrogen-
containing adsorbates such as HO (1) and NH; (2), while ethylene is a prototypical example of a
molecule that on most clean metal surfaces bonds to the surface through extensive rehybridization of a
molecular nt-bond (3). Molecules containing both heteroatoms with electron lone pairs and one or more
n-bonds are thus of interest in studying metal surface-adsorbate interactions, since it is clear that several
different surface bonding configurations are possible. Previous surface studies with a number of such
molecules, including formic acid (4), acetone (5), formaldehyde (6) and various heterocyclic aromatic
compounds (7), have been conducted, and in all cases have shown that the relative amounts of bonding

via electron lone pairs and n-bond rehybridization are dependent upon surface temperature, surface cov-

erage, and the nature of the surface.

The interaction of amides with well-characterized, single crystalline metal surfaces has received
virtually no attention. The only study known to us of any amide on any metal surface is a very brief
account of the decomposition of N,N-dimethylformamide (DMF) on Pt(111) (8), in which it was
reported that the decomposition of DMF on this surface proceeds primarily via the evolution of HCN
into the gas phase. However, the nature of molecularly adsorbed DMF and any intermediates leading to
HCN evolution were not addressed. A determination of the structure and bonding of molecularly
adsorbed amides on metal surfaces is of obvious interest in view of the above discussion, since bonding
to the surface could be via the electron lone pair on the nitrogen atom, via an electron lone pair on the
oxygen atom, through lone pairs on both heteroatoms, or through rehybridization of the CO double

bond. These four possible bonding configurations of molecularly adsorbed formamide are shown

schematically in Fig. 1.

Considering the variety of amide-derived ligands characterized structurally in organometallic com-
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pounds, it is also clear that amide decomposition on metal surfaces may give rise to a number of

different surface intermediates. These ligands include 1'(C)-CONHR (R = H, alkyl or aryl) (9), n'(N)-
NHCOH (10), n%(C,0)-NR,CO (11), n%(N,0)-NRCRO (both chelating and bidentate bridging) (12), and
the tautomers N%(C,N)-HOCNR and n*%C,N)-OCNHR (13). The structures of these ligands are shown
schematically in Fig. 2 with R = H, the case that is relevant 1o formamide decomposition on metal sur-
faces. The identfication of such ligands on a metal surface is of obvious importance in establishing a
relationship between the chemistry of formamide on metal surfaces and in organometallic compounds.
An addidonal issue of fundamental importance is the degree to which the stable intermediates formed
by amide decomposition on metal surfaces are related to the intermediates formed by the decomposition

of related molecules such as aldehydes (6), carboxylic acids (4) and amines (14).

One of the most powerful techniques for studying the stuctures and reactions of molecular adsor-
bates on single crystalline metal surfaces of low area is high-resolution electron energy loss spectros-
copy (EELS) (15), especially when supplemented by thermal desorption mass specrometry (TDMS). In
this paper we present the results of an EELS and TDMS study of the interaction of the simplest amide,
formamide, with a Ru(001) surface that has been modified chemically by an ordered p(1x2) overlayer of
oxygen adatoms. A detailed study of the adsorption and decomposition of formamide on the clean

Ru(001) surface will be presented elsewhere (16).

The propertes of the p(1x2)-O overlayer on the hexagonally close-packed Ru(001) surface have
been discussed in detail previously (17).. Figure 3 shows an EEL spectrum of the Ru(001)-p(1x2)-O
surface, as well as the structure and unit cell of this surface. The fractional coverage of oxygen
adatoms is 0.5, and they occupy threefold hollow sites exclusively. The EEL spectra of this surface
show a strong peak at 585 cm™ due to the ruthenium-oxygen symmetric stretching mode, with the
ruthenium-oxygen asymmetric stretching mode, and a ruthenium surface phonon giving rise to weaker
peaks at 430 and 240 cm™}, respectively. I-=ormamide’ adsorption has been studied on the Ru(001)-
p(1x2)-O surface as well as on the clean Ru(001) surface because the presence of the electronegative
oxygen adatoms alters the electronic properties of this surface and might thus be expected to cause

changes in the surface chemistry of formamide, as has been observed previously for acetone (5a) and
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formaldehyde (6b) adsorbed on clean and oxygen-modified Ru(001) surfaces. In addition to changing

the electronic properties of the surface, the oxygen could also alter the surface chemistry of formamide

by reacting directly with it to form species that cannot be formed following formamide adsorption on

clean Ru(001).

II. Experimental Procedures

The EEL spectrometer and the UHV chamber housing it have been described in detail elsewhere
(18). The home-built EEL spectrometer employs 180° hemispheres as the electron energy dispersing
elements both in the monochromator and the analyzer. The spectra shown in this paper were collected
in the specular direction, which was 60° with respect to the surface normal, with an electron impact
energy of approximately 4 eV. The resolution, defined as the full-width at half-maximum of the elasti-
cally scattered beam, varied between 70 and 90 cm™, while maintaining an elastic peak count rate of

approximately 2 x 10° cps.

The UHV chamber containing the EEL spectrometer and the Ru(001) crystal was pumped by a
220 1-s™! Varian noble vacion pump and a titanium subﬁmaﬁon pump, and had a working base pressure
below 107'° Torr. This chamber also contained a UTI-100C quadrupole mass spectrometer for thermal

desorption measurements and analysis of background gases.

Liquid nitrogen cooling was employed 1o achieve crystal temperatures as low as 80 K. The
Ru(001) crystal was cleaned using the well-established techniques of Ar* sputiering and annealing in a
background of approximately 5 x 10~ Torr O, (19). Surface cleanliness was verified by both EELS
and H, TDMS. The p(1x2)-O overlayer was prepared by exposing the clean Ru(001) surface at 80 K to
2L O, (1 L =1 Langmuir = 107 Torr-s) and annealing to 400 K. The presence of a well-ordered and
complete p(1x2)-O overlayer was always verified by EELS prior to exposure of the surface to formam-

ide at 80 K. Subsequent EEL spectra were measured after annealing to an indicated temperature and

recooling to 80 K.

Formamide (99% reported purity) was obtained in the liquid state from Aldrich. It was intro-

duced into the UHV chamber by backfilling through an UHV leak valve. The liquid formamide sample



113

was contained in a small cell with a glass-to-metal connector, which was mounted by a miniconflat
flange directly below the leak valve so that the sample-to-leak valve distance was approximately seven
inches. A valve just below the miniconflat flange led via a stainless steel line o a mechanical pump so
that the sample container could be evacuated after the sample was mounted. The metal tubing between
the glass-to-metal seal and the leak valve was baked thoroughly and evacuated by the mechanical pump
prior to all formamide exposures. Because of the high boiling point of formamide (210°C) (20), the
sample had to be heated while an exposure was being made. This was'accomplished by passing current
through a wire coil wrapped around the glass sample container. During formamide exposures, the pur-
ity of the formamide was verified in situ via mass spectrometry. The principal impurity during for-
mamide exposures was water, and, in general, the sample had to be heated several times and the metal
between the sample and the leak valve had 1o be baked and evacuated several times before sufficiently

pure formamide exposures could be achieved.

Experiments were also performed with N-deuterated formamide, ND,CHO, obtained from MSD
Isotopes (98 atom % - D). Although the ND;,CHO was always at least slighly contaminated with
NDHCHO or NH,CHO due to H/D exchange into the ND, group, as evidenced by NH stretching modes
in the EEL spectra of ND,CHO and its decomposition products, the EEL spectra resulting from
ND,CHO exposures were nevertheless useful in helping to assign various vibrational modes. The fact
that NH streiching modes appeared in multilayer EEL spectra of the ND,CHO indicates that these

modes cannot be attributed entirely 1o H/D exchange occurring on the Ru(001)-p(1x2)-O surface.

III. Results
A. Thermal Desorption Mass Spectrometry

Following exposure of the Ru(001)-p(1x2)-O surface o formamide at 80 K, four thermal desorp-
ton products were observed 1o desorb between approximately 200 and 700 K: molecular formamide
(NH,CHO), CO, H; and N;. There was no detectable desorption, for example, of NHi, H,O, HCN, NO,

H,CO, HNCO or CO,. The desorption of molecular formamide and its decomposition products will

be discussed separately.
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1. Molecular Formamide Desorption

Figure 4 shows a series of thermal desorption spectra for molecular formamide (m/e = 45 amu)
following various exposures of formamide to the Ru(001)-p(1x2)-O surface. For formamide exposures
of less than approximately 1.5 L, no molecular desorption was observed, indicating that for low initial
coverages all of the adsorbed formamide decomposes irreversibly on this surface. As the exposure is
increased, three molecular desorption peaks appear sequentially at 255, 225 and 210 K. The lowest
temperature desorption peak is quite sharp and does not saturate with increasing exposure. IL may
therefore be assigned unambiguously as resulting from the desorption of condensed formamide mul-
tilayers. The remaining two peaks are assigned to monolayer thermal desorption features, although the
possibility that the 225 K thermal desorption feature corresponds to the desorption of second-layer for-

mamide cannot be ruled out completely.

As may be seen in Fig. 4, the desorption peak at 255 K appears at lower exposures than the peak
at 225 K, and neither peak displays any detectable shift in lemperature as a function of coverage. This
latter fact, coupled with the EELS results (cf. Sect. III.B) showing only molecular formamide on the
surface below 260 K, indicates that both peaks result from the first-order desorption of molecular for-
mamide, rather than from a recombinative desorption process. Using the method of Redhead (21) and
assuming a "normal” first-order preexponential factor for the rate coefficient of desorption of 10'3s™,
the molecular adsorption states desorbing at 225 and 255 K may be assigned activation energies of
desorption (heats of adsorption) of approximately 13 and 15 kcal mol™, respectively. When both states
are saturated, the ratio of the amount of formamide desorbing in the 225 K peak to the amount desorb-
ing in the 255 K peak is approximately 2:1, although there is a rather large uncenainty in this ratio due
to the overlap of the two peaks. Unfortunately, there is no simple method of determining the absolute
coverages of formamide desorbing in each peak. Further discussion of the nature of these two desorp-

tion states is deferred to Sect. IV.
2. Thermal Desorption of the Products of Formamide Decomposition: CO, H,, and N,

As stated above, formamide decomposition on the Ru(001)-p(1x2)-O surface results in the desorp-

ton of CO, H; and N,, when the surface is annealed to 700 K. Figure 5 shows the CO (m/e = 28 amu,
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with a C cracking fragment at m/e = 12 amu) thermal desorption spectrum that results following a

saturation formamide exposure at 80 K. A sloping background is present between 100 and 300 K due
to desorption of background CO or formamide decomposition on heating wires, support leads, etc.
There is a single, rather sharp desorption peak at 420 K with a small shoulder at 385 K. This shoulder
is due 10 desorption from the surface of very small amounts (<0.01 monolayer) of CO that is adsorbed
from the chamber background, as will be discussed in Sect. IIL.B.1. The peak at 420 K is the only
feature resulting from formamide decomposition on the Ru(001)-p(1x2)-O surface, and since it desorbs
at a higher temperature than low coverages of CO adsorbed on Ru(001)-p(1x2)-O (19), this is a
reaction-limited desorption peak resulting from the decomposition of a surface intermediate. By com-
parison with thermal desorption results for CO adsorbed on clean Ru(001), where the saturation cover-
age is approximately 0.68 (22), this peak is estimated to correspond to approximately 0.05 monolayer of
CO. Since the only observed decomposition reaction of formamide on the Ru(001)-p(1x2)-O surface is
to CO, H, and nitrogen adatoms, this corresponds to the fractional coverage of formamide that decom-

poses on this surface following a saturation exposure.

Figure 5 shows the H, (m/e = 2 amu) thermal desorption spectrum that results following a satura-
tion formamide exposure on the Ru(001)-p(1x2)-O surface at 80 K. Again, a peak is observed at 420
K. The fact that this peak is coincident with the CO desorption peak at 420 K suggests strongly that
both peaks result from the decomposition of the same surface species. There is also a weak maximum
near 265 K, which is reproducibly above background. Better resolution of this desorption state, which
contains only approximately 0.05 monolayer of hydrogen adatoms, was not possible with our experi-
mental apparatus. However, H, desorption is expected at this temperature, since EEL spectra provide
clear evidence for NH bond cleavage at 260 K and hydrogen has been observed not to chemisorb on

Ru(001)-p(1x2)-O (6b).
Desorption of molecular nitrogen (m/e = 28 amu, with an N cracking fragment at m/e = 14 amu)
occurs between approximately 520 and 630 K, with a maximum desorption rate at approximately 570

K. A mass 14 thermal desorption spectrum is shown in the inset of Fig. 5. The desorpton of N; in

this temperature range results from the recombinative desorption of nitrogen adatoms, because molecu-
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larly chemisorbed N, on both clean and oxygen precovered Ru(001) surfaces desorbs well below 200 K

(23). The fact that no desorption of NO occurs as a result of the combination of nitrogen and oxygen
adatoms is in agreement with previous studies of NO (24) and NO, (25) adsorpton and decomposition
on Ru(001).

- B. Electron Energy Loss Spectroscopy

In discussing the EELS results for formamide adsorbed on the Ru(001)-p(1x2)-O surface, it is
convenient to consider three different regimes of coverage and temperature. First, submonolayer cover-
ages below 260 K give rise 10 molecularly chemisorbed formamide. Second, annealing 1o over 260 K
results in the decomposition of molecularly chemisorbed formamide to a stable surface intermediate,
which decomposes at a higher temperature. Note that this reaction coincides very nearly with the
observed desorption of H, at 265 K and the desorption of molecular formamide at 255 K. Third, large
formamide exposures below 210 K result in the condensation of formamide multilayers. These three
cases will be discussed separately below. It is important to note that for all submonolayer coverages,
EEL spectra collected after annealing to a given temperature are identical for formamide on Ru(001)-
p(1x2)-O. Thus, the same surface species are formed independent of coverage, although, as the thermal
desorption results indicate, the fraction of monolayer formamide that desorbs molecularly is a function
of coverage. Therefore, only EEL spectra for a low initial formamide exposure (0.5 L) are discussed
explicily without loss of generality.

1. Molecularly Chemisorbed Formamide

Molecularly chemisorbed formamide exists on the Ru(001)-p(1x2)-O surface below 260 K, and
there is no evidence for any decomposition of formamide below this temperature. Two different forms
of molecularly chemisorbed formamide are observed, a low-iemperature form that predominates below
approximately 225 K, and a high-temperature form that predominates above 225 K. The conversion
between these two forms is a functon of temperature only. Note that the conversion temperature coin-
cides with the 225 K formamide thermal desorption peak, suggesting that at high coverage the low-

temperature form undergoes competing desorption and conversion o the high-tcm'pemture form.
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Figure 6(a) shows the EEL spectrum that results when the Ru(001)-p(1x2)-O surface at 80 K is

exposed 10 0.5 L of formamide (NH,CHO). This EEL spectrum is characteristic of the low-temperature
form of molecularly chemisorbed formamide. The mode assignments are reasonably straightforward
and are listed in Table I, along with data for liquid (26) and gas phase (27) formamide. The vibratonal
modes identified most easily and unambiguously are v,(NH,), v,(NH,, V(CH), v(CO) and 8(NH,),
which occur at 3490, 3230, 2940, 1660 and 1585 cm™, respectively. The mode at 1360 cm™ is
assigned to the overlapping V(CN) and &CH) modes. The modes at 1110 and 790 cm™ are
assigned, in accordance with the data for liquid formamide, as being due to the p(NH,) and w(NH,)
modes, respectively. The T(NH,) and n(CH) modes are not resolved, although a shoulder on the low
energy side of the p(NH,) mode might be due to n(CH). The intense broad peak (FWHM = 125 cm™)
at 570 cm™ is due to the overlap of the S(NCO) mode of chemisorbed formamide at approximately 525
cm™ (28) and v, (RuO) of the p(1x2)-O overlayer at 585 cm™. Comparison of this mode to the
v,(RuO) modes of Figs. 3, 6(b) and 7 (FWHM = 75 cm™' for these features) shows that it is indeed
much broader than it would be if only v,(RuQ) were involved. In some spectra measured after adsorp-
tion at 80 K, and in all spectra measured following annealing to 200 K, the weak v,(Ru-NH,CHO)
mode is resolved near 300 cm™, although it is not resolved in spectrum 6(a) due to the relatively poor
elastic peak cutoff. Finally, the weak fcatu:;: at 2040 cm™ is due to a very small amount (<0.01 mono-
layer) of coadsorbed CO. This CO is adsorbed from the chamber background and is not the result of
formamide decomposition. This mode disappears from the EEL spectra following annealing to 400 K,
indicating that the desorption of this CO corresponds to the 385 K shoulder in the CO thermal desorp-

ton spectrum of Fig. 5(a).

Figure 6(b) shows the EEL spectrum which results following a 0.5 L exposure of ND,CHO to the
Ru(001)-p(1x2)-O surface at 80 K. Although some NDHCHO contamination is present in this spectrum
(as evidenced by a loss feature at 3380 cm™), the modes of ND,CHO are assigned easily. These are
listed in parentheses in Table I together with the NH,CHO/ND,CHO frequency ratios and the
corresponding data for liquid formamide. The observed frequency shifts upon N-deuteration are in

excellent agreement with those reported for liquid formamide and confirm the mode assignments given
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in Table I and discussed in the preceding paragraph. The frequency shift of the 8(NCO) mode upon

N-deuteration is slightly greater than expected, which suggests that this mode may be coupled to one of

the ND, deformation modes.

Annealing the surface to temperatures between approximately 225 and 260 K results in the forma-
tion of the second form of molecularly chemisorbed formamide, the EEL spectrum of which is shown
in Fig. 6(c) (for the case of NH,CHO). The most striking difference between this form of formamide
and the low-temperature form is the presence of a rather intense loss feature at 970 cm™, the appear-
ance of which correlates with the disappearance of the mode at 790 cm™ in Fig. 6(a). This 970 cm™
loss feature shifts down to 770 cm™ in the case of ND,CHO (not shown), and the large frequency shift
upon N-deuteration indicates that it must be due to an NH, deformation mode. This is assigned to the
NH, wagging mode of chemisorbed formamide, which is almost certainly adsorbed such that this mode
involves moton of the NH, hydrogen atoms largely perpendicular to the surface. Figure 6(c) also
shows a rather intense and well-resolved v(Ru-NH,CHO) peak at 315 cm™, in contrast to Fig. 6(a).
The other differences between the EEL spectra of the low- and h.igh-te_mpcrature forms of molecularly

chemisorbed formamide are minor.

The v(CO) frequencies of the two forms of molecularly chemisorbed formamide indicate clearly
that the CO double bond is maintained in each case. Hence, for both forms, bonding to the surface is
via lone. pair donor bonds with the oxygen and/or nitrogen atoms rather than by rehybridization of the
CO bond. Since the distinction among n'(0)-NH,CHO, n'(N)-NH,CHO, and n*(N,0)-NH,CHO is
difficult, further discussion of the nature of the two forms of molecularly chemisorbed formamide is

deferred to Sects. I1.B.2 and IV.
2. Decomposition of Chemisorbed Formamide

Chemisorbed formamide of the type characterized by the EEL spectrum of Fig. 6(c) remains on
the Ru(001)-p(1x2)-O surface to approximately 260 K, at which temperature conversion to another
species occurs. This conversion coincides both with the highest temperature (255 K) molecular for-
mamide thermal desorption peak and with the low temperature H, thermal desorption peak. Conse-

quently, this form of molecularly chemisorbed formamide undergoes competing desorption and
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decomposition, just as the form present at lower lemperatures undergoes competing desorption and
conversion to the high-temperature form. The surface species formed at 260 K is stable 10 420 K, and
its decompositon, as moniwred by EELS, coincides with the CO and H, thermal desorpton peaks
shown in Fig. 5. Based on the EEL spectrum of Fig. 7(a), this new species is identified as n%N,0)-
NHCHO [cf. Fig. 2, structure (4)]. This species is analogous to the 1%0,0)-OCHO (n?-formate)
formed from formic acid decomposition on both Ru(001) and a number of other metal surfaces (4).
The vibrational modes of N*~NHCHO are assigned and compared with those of related organometallic
compounds (12¢) and to those of n2%-formate on Ru(001) (4a,b) in Table II. Figure 7(b) shows the EEL
spectrum of N2(N,0)-NDCHO formed from ND,CHO decomposition, and the vibrational frequencies of

this species are listed in parentheses in Table II.

The identification of the species represented by the EEL spectrum of 7(a) as n2-NHCHO follows
from the presence of single v(NH) and v(CH) modes, the lack of a2 &NH,) mode near 1580 cm™, the
lack of a strong carbonyl v(CO) mode in the range of 1500-1800 cm™, and the similarity of its skeletal

modes to those of both n%-formate on Ru(001) (4a,b) and the related organometallic compounds of the

type shown below (12¢):

M = Gaor In, and R = CH; or C;H;

Note especially the close agreement between the v,(NCO) modes of m?-NHCHO and the n*
N(CH3)C(CH3)O complexes, and between the S(NCO) [OCO)] and v(Ru-NHCHO) [v(Ru-OCHO)]
modes of N>~NHCHO and n2-formate. The increase in the frequency of S(NCO) in going from gas
phase formamide 1o n*(N,0)-NHCHO (565 to 770 cm™) is similar o the frequency increase of 8(OCO)
in going from gas phase formic acid to nz-formalc on Ru(001) (625 to 805 cm™), and is indicative of

delocalized n-bonding within the NCO group. The EEL spectrum of 1°-NDCHO also helps to confirm
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the assignment of the modes observed at 1395, 770 and 400 cm™ in the EEL spectrum of n?-NHCHO,

since none of these modes shifts significanuly upon N-deuteration. A weak peak which occurs between
1630 and 1680 cm™ may or may not be due partially to the v,(NCO) mode of nz—NHCHO. Since this
peak also appears in EEL spectra afier annealing to over 420 K which has caused the smonger modes of
N?~-NHCHO to disappear, it must be atributed primarily to a small amount of molecularly chemisorbed
formamide that has readsorbed from the chamber background. The frequency of this mode is somewhat
higher than the frequencies of the v,(NCO) modes in the related gallium and indium complexes,
although the v,(NCO) modes of a similar series of aluminum complexes are somewhat closer, ranging
from 1580 to 1621 cm™ (12b). Thus, the v,(NCO) mode may be partially responsible for the loss
feature appearing at 1670 cm™, or it may be simply too weak to be observed. Note that this mode

should not be strictly dipolar-forbidden in the case of n2-NHCHO, unlike v,(OCO) in n?-formate.

The assignment of the CH and NH in-plane (§) and out-of-plane (rr) bending modes is less
straightforward than the assignment of the skeletal, frustrated translational, CH stretching, and NH
stretching modes. The shoulder at 1340 cm™ in Fig. 7(a) is quite reproducible and is assigned as
8(CH), in good agreement with the & CH) frequency of 1377 cm™ in sodium formate (29). This mode
is not resolved in the case of M>-NDCHO due 10 the slight downshift of the v,(NCO) mode to 1360
-1

cm™. The mode at 1140 cm™ in n2-NHCHO is downshifted to 920 cm™ in n2-NDCHO, and is thus

assigned as an NH bending mode, although without vibrational data for n>~NHCHO complexes it is not
obvious whether this is the a(NH) or S(NH) mode. The frequency of 1140 cm™ seems more reasonable
for the n(NH) mode, whereas the relatively strong intensity of the peak corresponding to this mode in
Fig. 7(a) would seem suggestive of the 8(NH) mode (see Sect. IV.B). The weak feature at 1140 cm™
in Fig. 7(b) is probably due to the presence of N>~NHCHO as an impurity in n%-NDCHO; note also the
v(NH) loss peak at 3330 cm™ in this spectrum. The peak at 1230 cm™ in Fig. 7(b) is probably due to
S8(ND) which is upshifted and not resolved from v,(NCO) in the case of n2-NHCHO [which suggests
further that the NH bend at 1140 cm™ is indeed =(NH)). This would require an anomalously small fre-
quency shift of the 8INH) mode upon deuteration (<1.18), a condition which could be satisfied if this

mode couples to the v,(NCO) mode (30). No mode is observed that can be clearly atributed o n(CH),
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although this mode could contribute to the intensity of the 1140 cm™ feature in either spectrum of Fig.

7. The preferred mode assignments for the CH and NH bending modes are listed in Table II. Despite
some uncertainty in the detailed assignment of the CH and NH bending modes, the identification of n-
(N,0)-NHCHO can be made unambiguously on the basis of the other observed vibrational modes.
Other formamide-derived ligands that have been identified in organometallic chemistry can be elim-

inated easily based on the observed EEL spectra [cf. Sect. IV.B].

Upon annealing to 420 K, the modes due to 1>~-NHCHO disappear, leaving only the characteristic
features of the p(1x2)-O overlayer (and a weak mode near 1650 cm™ due to readsorbed formamide) in
subsequent EEL spectra. Since the TDMS results indicate that CO and H, are evolved from the surface
at 420 K, it can be concluded that both of these desorption products result from n?~NHCHO decompo-
sigon, and that only nitrogen adatoms remain on the Ru(001)-p(1x2)-O surface above 420 K. Nitrogen
adatoms are not detected by EELS because the v,(RuN) mode is obscured by the v,(RuO) mode of the
p(1x2)-O overlayer (note that 6, ~ 108y). However, the presence of nitrogen adatoms above 420 K is
confirmed by the recombinative desorption of N; that is observed near 570 K. Thus the decomposition
products of 1?~NHCHO on Ru(001)-p(1x2)-O are N(a), Hx(g) and CO(g).

3. Formamide Mulrilayers

Molecular multilayers of formamide condense on the Ru(001)-p(1x2)-O surface when this surface
at 80 K is exposed to approximately 7 L or more of formamide. The multilayers desorb at 210 K, and
EEL spectra measured after annealing to temperatures in the range of 80-200 K are identical. Mul-
tilayer EEL spectra are shown in Fig. 8 both for NH,CHO and ND,CHO, and the observed vibrational
modes are listed in Table III. It may be seen by comparison of Tables I and MI that, in general, the
vibratonal modes of the formamide multilayers are even closer 10 those of liquid formamide than are
those of the low-temperature form of chemisorbed formamide. Two extremely intense loss features are
characteristic of the NH,CHO(ND,CHO) multilayers: a lattice mode at 220(160) cm™ (that may couple
to the NH; twisting mode which occurs at 200 cm™ in liquid NH,CHO) and the NH, wagging mode at
710(565) cm™. This latter mode and the NH, swetching modes are quite broad, indicative of consider-

able hydrogen bonding within the multlayers. The NH, (ND;) asymmetric streich is downshifted by
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approximately 120 cm™ compared with that of the chemisorbed formamide at 80 K. For NH,CHO

multilayers, the peak at 1380 cm™ is assigned to the overlapping &CH) and v(CN) modes, while the
peak at 1075 cm™ is assigned to the overlapping n(CH) and p(NH,) (rocking deformation) modes. In
both cases, the frequencies observed are intermediaie between those of the two constituent bands in
liquid NH,CHO. For ND,CHO multilayers, the v(CN) and 8(CH) modes are resolved and occur at
1355 and 1415 cm™, respectively, and the broad feature centered at 1030 cm™ is due 1o the overlap-
ping &ND,), m(CH) and p(ND;) modes [and perhaps some intensity is derived also from the overtone
of the w(ND,) mode]. Note that the loss feature centered at 3305 cm™! indicates that once again

some NDHCHO or NH,CHO impurity is present in the ND,CHO.

I'V. Discussion
A. Molecularly Chemisorbed Formamide

The EEL spectra of Fig. 6(a) and (c) indicate clearly the presence of two slightly different forms
of chemisorbed formamide on the Ru(001)-p(1x2)-O surface below 260 K. Since the observed CO
stretching frequencies show that extensive rehybridization of the CO bond does not occur in either case
(i.e. the CO double bond is maintained), bonding to the surface must occur via an electron lone pair on
either the oxygen or nitrogen atom, or possibly via electron lone pairs on both of these atoms. Thus,
there are three distinct, possible bonding configurations, corresponding to structures (I), (II) and (II) of
Fig. 1. In all three of these configurations, the bonding may be thought of in simple Lewis acid-base

terms, with the formamide molecule acting as the Lewis base and the surface as the Lewis acid.

The distinction among these three forms of molecularly chemisorbed formamide is not trivial. It
1s conceivable that two of these three forms could coexist on the surface below 225 K, with desorption
of the more weakly bound form occurring at this temperature. However, the sudden appearance of the
rather intense 970 cm™' mode when the surface is annealed o0 225 K, coupled with the lack of any evi-
dence for two different formamide species in Fig. 6(a), indicates that a conversion from one formamide
species to another is occurring at 225 K. The most likely scenario is one in which chemisorbed for-
m-amidc of type (I) or (I) is converted to the more strongly bound, bidentate species (III). This model

is especially appealing intuitively since M2(N,0)-NH,CHO is the logical intermediate to the n*(N,0)-
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NHCHO formed at 260 K. In addition, it is quite possible that the conversion of (I) or (IT) to (III)

would require some desorption of (I) or (I) at high coverages, as is observed, for electronic reasons.
This effect of competing desorption and conversion to a more highly coordinated species has been

observed previously for other metal-adsorbate systems (31).

It is likely for several reasons that the low-temperature form of molecularly chemisorbed formam-
ide is n’(0)-NH,CHO. First, it is well known that the oxygen atom of formamide is much more basic
than the nitrogen atom in homogeneous organic chemistry (32). It thus seems reasonable to expect that
the oxygen atom would be more basic (in the Lewis sense) with respect to bonding to a metal surface.
Second, data from a study of the N-bonded and O-bonded isomers of (NH;)sCo(NH,CHO)* suggest
that O-bonded amides are more stable in organometallic compounds than N-bonded amides (33). It was
found that the N-bonded form of [(NH;)sCo(NH,CHO))(ClO,); isomerizes to the O-bonded form in the
solid state. It was also found that heating [(NH3)sCo(H,0)](ClO4); in N N-dimethylformamide pro-
duced only the O-bonded isomer of (NH;)&O(NMQCHO)"*: Third, the v(CO) frequency of 1660 cm™
for the low-temperature form of molecularly chemisorbed formamide is somewhat reduced from the gas
phase value of 1734 cm™, and similar decreases in V(CO) have been observed previously for n'(O)-
acetone (5a) and n'(O)-formaldehyde (6b) on oxygen-precovered Ru(001) surfaces. On the other hand,
infrared data for n'(N)-NHCRO complexes [cf. Fig. 2, structure 2] show that in all cases the frequency
of v(CO) is greater than 1700 cm™ (10), and we would expect v(CO) to be similarly high for an
n'(N)-formamide in which the formamide oxygen atom does not interact directly with the surface.
Finally, an n'(O)-N'H;CHO would be expected to maintain a nearly planar structure (gas phase formam-
ide has a planar structure), and the NH, wagging vibration would involve motion of the NH, hydrogen
atoms out of this plane and largely parallel 10 the surface. Hence, the w(NH;) mode would be expected
to be rather weak in specular EEL spectra, as observed in Fig. 6(a). On the other hand, n'(N)-
NH,CHO should result in a more intense NH, wagging ;'nodc. since the NH, group will no longer be in
(or nearly in) a plane perpendicular 10 the surface; and this mode will involve motion of the NH,
hydrogen atoms largely perpendicular 1o the surface. Taken together, these arguments provide a strong

case for the low-temperature from of molecularly chemisorbed formamide being 1'(0)-NH,CHO.
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For the reasons discussed above, and because of the appearance of an intense NH,(ND,) wagging

mode at 970¢770) cm™, it is very likely that the high-temperature form of molecularly chemisorbed for-
mamide is N*(N,0)-NH,CHO. Indeed, the large upshift in the frequency of w(NH,) from 790 to 970
cm™ in going from the low- to the high-temperature form is in itself suggestive of N-coordination to
the surface. The other observed NH,; modes of molecularly chemisorbed formamide are not shifted
greatly upon N-coordination because they do not involve motion of the NH, hydrogen atoms directly
towards the surface, which in the case of w(NH,) increases the restoring force associated with this
vibration and results in the large frequency increase. A similar phenomenon occurs with the 8,(NHj)
mode of ammonia when this molecule adsorbs on metal surfaces (2), and the frequency of this mode
shifts from 950 cm™ in the gas phase to approximately 1150 cm™'. The fact that the conversion of
n'(0)-NH,CHO to 2(N,0)-NH,CHO occurs only when the surface is annealed to 225 K indicates that
an activation energy of approximately 13 kcal mol ~! is associated with this conversion. This activation
barrier is probably associated with the partial rotadon of the NH, group about the CN bond, and the
distortion of the NH, group which the formamide molecule must undergo in order for the nitrogen atom
to coordinate to the surface. As stated previously, the n'(O)-NHZCI;IO probably maintains the planar
structure of gas phase formamide, for which the activation barrier to rotation of the NH, group about
the CN bond has been measured to be 18 kcal-mol ~! (34). In n%(N,0)-NH,CHO, however, the nitro-
gen is expected to obtain an approximately tetrahedral bonding geometry, with the hydrogen atoms of
the NH, group disposed symmetrically about, but no longer in, the OCN plane [cf. Fig. 1, stucture
(II1)]). Thus, the plane containing the NH, group must rotate approximately 90° about the CN bond and

the NH bonds must tilt away from the surface in order for the nitrogen atom to approach the surface in

the proper orientation.

While the molecular formamide thermal desorption peak at 255 K is undoubtedly due to desorp-
ton from the monolayer, the desorption peak at 225 K could be attributed either o monolayer or
second-layer desorption. The fact that this lower temperature desorption peak occurs at the same tem-
perature as the conversion of_ the low-temperature form of chemisorbed formamide to the high-

temperature form suggests that this is @ monolayer desorption state, while the proximity of the 225 K
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desorption peak to the multilayer desorption peak at 210 K might suggest that it results from second-

layer desorption. [The low-temperature form of chemisorbed formamide identified by EELS is clearly
not second-layer formamide, since it is present even following very low initial exposures.] While there
is precedent for resolving second-layer thermal desorption features in thermal desorption spectra, such
features were not resolved in the case of T\'(O)-bonded formaldehyde (6) or acetone (5) adsorption on
oxygen-precovered Ru(001) surfaces. We thus favor (slightly) the assignment of the 225 K thermal

desorption feature as a monolayer desorption state.
B. Formamide Decomposition

It has been shown that the high-temperature form of molecularly chemisorbed formamide decom-
poses near 260 K with H, evolution to produce n%(N,0)-NHCHO with some molecular desorption
occurring for sufficiently high coverages. The n?~-NHCHO would be of C, symmetry if all five of its
atoms were located in a plane perpendicular to the Ru(001)-p(1x2)O surface, and of C;, symmetry if this
is not the case. According to the surface dipole selection rule, eight vibrauonal modes should be
observed in specular EEL spectra for C, symmetry (35): v(NH), v(CH), v,(NCO), v,(NCO), &CH),
S(NH), 8(NCO) and v(Ru-NH,CHO). (Note, however, that this does not imply that all of these modes
are dipolar in nature.) For C, symmetry, all of these modes should be dipole-allowed in specular EEL
spectra, and, in addition, the m(CH) and m(NH) modes should also be dipole-allowed. However, it is
possible that not all dipole-allowed modes will be observed in specular EEL spectra because some
modes may be intrinsically weak and/or accidentally degenerate with stronger modes; and for C, sym-
metry it is possible that the dipole-forbidden n(NH) and ®(CH) modes could be observed (but probably
very weakly) in specular EEL spectra due to scattering via nondipolar (i.e. impact) mecha;lisms. As an
example of the former possibility, note that no v,(NCQO) mode is identified conclusively for n?~-NHCHO
even though this mode is technically dipole-allowed for either C, or C, symmetry. Since the
identification of N?>~NHCHO as having either C, or C, symmetry hinges on the dipole activity of the
n(NH) and n(CH) modes, and since neither of these modes can be assigned with complete confidence,
the symmetry of n>-NHCHO must be regarded as uncertain. If the mode at 1140(920) cm™ in the

case of N*~-NHCHO (n2-NDCHO) is indeed m(NH), then this would be strong evidence for C, sym-
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metry, since off-specular EEL spectra indicate that this mode is largely dipolar in nature. This is con-

trary to our expectation, however, that n12-NHCHO should be planar, just as n%-formate is planar.
Another important question regarding the structure of 1>~NHCHO on the Ru(001)-p(1x2)-O sur-

face is whether this species is chelating or bridging, i.c. is it bonded to only one ruthenium atom or 10

at least two ruthenium atoms?

" |
H
H\"/_C.“o \T};'?
W " —
Chelating Bridging

Organometallic analogues are known for both the chelating and bridging structures shown above (12).
Analogous organometallic compounds are also known for chelating and bridging n%-formates, and these
may be distinguished from one another by the frequency difference between the v, (OCO) and v,(OCO)
modes (29). However, since the v, (NCO) mode is not identified positively for 1*-NHCHO on
Ru(001)-p(1x2)-O, this criterion cannot be used to establish whether the n°>-NHCHO is bridging or
chelating. Nevertheless, it is extremely likely that the n2-NHCHO is bridge-bonded for three reasons.
First, the swong v,(NCO) mode of n>~-NHCHO on Ru(001)-p(1x2)-O, occurring at 1395 cm™, is in per-
fect agreement with the v, (NCO) modes observed for bridging N(CH3)C(CH,)O species in the gallium
and indium compounds referenced in Table II, while a series of chelating >-NArCHO (Ar = aryl)
species in rhenium, ruthenium and osmium compounds have v,(NCO) modes that are more than 100
cm™ lower in frequency, ranging from 1250 © 1290 cm™' (12a,b). Second, n%(N,0)-NRCHO ligands
that have been identified in organometallic compounds are chelating only in mononuclear metal com-
pounds and bridging in polynuclear metal compounds (12), and the behavior of the surface with respect
to ligand bonding should be more similar to the polynuclear metal compounds. Third, all n%-formates
identified previously on metal surfaces which have been assigned structures have been identified as

bridging rather than chelating (4).
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Although it has been shown that the EEL spectra of Fig. 7 are fully consistent with an n%(N,0)-

NHCHO species, it is instructive 10 consider briefly other plausible species which might be formed from
formamide decomposition on the Ru(001)-p(1x2)-O surface, and to eliminate them on the basis of these
EEL spectra. Although all of the species depicted in Fig. 2 have analogues in organometallic chemis-
try, it can be shown easily that all but n*(N,0)-NHCHO are inconsistent with the EEL spectra of Fig. 7.
Species (1), (3), (5a) and (5b) lack CH bonds, a fact which in itself is sufficient to eliminate them from
consideration. (The rather sharp peak at 2980 cm™ in the EEL spectrum of Fig. 7(a) is much too
narrow to be due to a hydrogen-bonded NH or OH swtretching mode, and the frequency of this mode
does not shift significantly upon N-deuteration.) Species (1), (2), (5a) and (5b) contain CO or CN dou-
ble bonds which, based on the organometallic studies cited in Sec. I, should give rise to intense stretch-
ing modes near 1500-1650, 1700-1750, 1600 and 1775 cm™, respectively. Species (1), (3) and (5b)
contain NH, groups, which is inconsistent with the lack of a &NH,) mode, the presence of only a sin-
gle v(NH) peak in Fig. 7(a), and the observed desorption of H, at 265 K. Species (1), (2), (5a) and
(5b) contain well-defined single and double skeletal bonds and should thus have 8(NCO) frequencies
similar to those of gas phase formamide or formic acid (565 and 625 cm™), rather than near 800 cm™
as for the case of n?-formate on Ru(001). Species (5a) contains an OH group, and there is no spectros-
copic evidence for the formation of either free [V(OH) >3500 cm™'] or hydrogen-bonded [v(OH)
lowered and broadened] OH bonds in Fig. 7(a). Thus all the species depicted in Fig. 2 except
N*(N,0)-NHCHO are inconsistent with the EEL spectra of Fig. 7. On the other hand, the n3(N,0)-

NHCHO is completely consistent with both the EEL spectra and the TDMS results.

It is interesting to compare the products observed in n>~NHCHO decomposition to those observed
in n°-formate decomposition on Ru(001). The n2-formate decomposes via two competing mechanisms

near 350 K, one of which produces adsorbed CO and atomic oxygen and the other evolving gaseous

CO, (4a,b):

. H(a) + O(a) + CO(a)
= H(a) + COx(g)

The decomposition of N?~NHCHO to Hy(g), N(a) and CO(g) is analogous to the first of these reactions,

n2-HCOO(a)

although in this case the H; and CO that are evolved are reaction-limited desorption products since
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neither carbon monoxide nor hydrogen is adsorbed on the Ru(001)-p(1x2)-O surface at the temperature
of n2-NHCHO decomposition. The decomposition of N2-NHCHO to HNCO(g) and % H,(g) would be

analogous 10 the second formate decomposition reaction, but it is not observed.

Finally, it should be emphasized that there is no evidence for any direct interaction or chemical
reaction between the oxygen adatoms of the p(1x2)-O overlayer and formamide or its decomposition
products.There is no desorption of HyO, NO or high-temperature (recombinative) CO (36) following
formamide adsorption. There is no evidence in any EEL spectra for the formation of OH or NO bonds,
and EEL spectra measured after annealing to 700 K show all of the characteristic features of the

p(1x2)-O overlayer, which are completely unaffecied by the adsorption and decompositon of formam-

ide.

V. Conclusions

Below 260 K, formamide adsorbs molecularly on the Ru(001)-p(1x2)-O surface. Two different
forms of molecularly chemisorbed formamide are observed: a low-temperature form below 225 K and
a high-temperature form between 225 and 260 K. The low-temperature form bonds to the surface via
an oxygen electron lone pair only, while the high-temperature form bonds to the surface through lone
pairs on both the oxygen and the nitrogen atoms. For sufficienty high coverages, the conversion at 225
K is accompanied by some desorption of molecular formamide. Molecular multilayers of formamide

may be condensed on the Ru(001)-p(1x2)-O surface at temperatures below 210 K.

AL 260 K, the high-temperature form of molecularly chemisorbed formamide undergoes NH bond
cleavage and converts 1o a bridging n*(N,0)-NHCHO species. This conversion is accompanied by
molecular formamide desorption if a sufficienty high coverage is involved. The n?~NHCHO decom-
poses at 420 K yielding adsorbed nitrogen adatoms and evolving H, and CO. The nitrogen adatoms
recombine and desorb near 600 K, leaving the p(1x2)-O overlayer intact. For a saturation formamide

coverage, approximately 0.05 monolayer of n?’~NHCHO forms and decomposes.
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Carbon monoxide formed from the recombinative desorption of carbon and oxygen adatoms on
Ru(001) desorbs in the temperature range of 550-700 K. Hills, M.M.; Parmeter, J.E.; Weinberg,

W.H., J. Am. Chem. Soc., submitted.
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Table I. Vibratonal modes and assignments for the low-temperature form of molecularly chem-
isorbed NH,CHO (ND,CHO) on Ru(001)-p(1x2)-O. The frequency ratios v(NH,CHO)/v(ND,CHO) are
also listed in parentheses following the ND,CHO frequencies. Data for liquid phase NH,CHO and

ND,CHO, and for gas phase NH,CHO are given for comparison. All frequencies are in cm™.

Ru(001)-p(1x2)-0 NH,CHO(Q) (26)
Mode NH,CHO (ND,CHO, ratio) [ND,CHO(l), ratio] NH,CHO(g) (27)
v,(NH,) 3490 (2630,1.33) 3330 (2556,1.30) 3545
v,(NH,) 3230 (2380,1.36) 3190 (2385,1.34) 3451
v(CH) 2940 (2930,1.00) 2882 (2887,1.00) 2852
v(CO) 1660 (1650,1.01) 1690 (1667,1.01) 1734
8(NH,) 1585 (1140,1.39) 1608 (1118,1.44) 1572
8(CH) 1391 (1398,0.99) 1378
1360 (1380,0.99)
v(CN) 1309 (1338,0.98) 1255
~(CH) n.o. n.o. 1056 (1056,1.00) 1030
p(NH,) 1110 (920,1.21) 1090 (912,1.20) 1059
w(NHy) 790 n.o. 750 (450,1.67) 289
T(NHy) n.o. n.o. 200 602
3(NCO) ~525¢ (460,1.14) 608 (570,1.07) 565
v(Ru-NH,CHO) 300 (280,1.07)°

@ Overlaps with v,(RuO) of oxygen adatoms in the case of NH,CHO.
® Not resolved in the spectrum shown; sharpens with annealing to 200 K.

n.0. = not observed, a = asymmetric, § = Symmetric.
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Table II. Vibrational modes and assignments for n*(N,O)-NHCHO on the Ru(001)-p(1x2)-O surface.
Vibrational modes for n2-NDCHO and the corresponding N*~-NHCHO/M?*NDCHO frequency ratios are
listed in parentheses. Data for 1%0,0)-OCHO (n’formate) and for the compounds
[R,MN(CH,)C(CH;)0]; M = Ga or In, R = CH, or CH,CH,;) are given for comparison. All frequen-

cies are in cm™.

n*(N,0)-NHCHO  n2-formate,

[M*(N,0)-NDCHO, ratio], Ru(001)  [R;MN(CH3)C(CH;)0],
Mode Ru(001)-p(1x2)-O (4a,b)* (12c)
v(NH) 3365(2480,1.36) w - “
v(CH) 2980(2960,1.01) w 2920 w -
v,(NCO)* n.o.(n.o0.) n.o. 1571-1585 st
v.(NCO);' 1395(1360,1.03) st 1360 st 1392-1400 st
8(NH) n.0.(1230) m - -
n(NH) 1140(920,1.24) m - -
8(CH) 1340(n.0.) sh n.o. -
n(CH) ‘ n.o.(n.o.) n.o. - -
S(NCO)* 770(760,1.01) m 805 m n.o.
v(M-ligand) 400(400,1.00) st 380 st 363492 st

“In the case of n*>-formate, these skeletal modes are obviously OCO modes rather than NCO modes.

s = symmetric, a = asymmetric, st = strong, m = medium, w = weak, sh = shoulder, n.o. = not observed.
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Table ITI. Vibrational frequencies and mode assignments for multilayer NH;CHO and ND,CHO on the

Ru(001)-p(1x2)-O surface. All frequencies are in cm™'. For comesponding frequencies of liquid for-

mamide, see Table 1.

Mode NH,CHO ND,CHO

V,(NHyp) 3370 2505

v,(NH,) 3230 2395

v(CH) 2910 2885

v(CO) 1710 1675

&CH) 1415
1380

v(CN) 1355

S(NHy) 1625

p(NH) 1030
1075

n(CH)

w(NHy) 710 565

S(NCO) n.o. n.o.

lattice® 220 160

S = symmetric, a = asymmetric, n.0. = not observed.

“Probably coupled to T(INH,).
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Figure Captions

Figure 1:

Figure 2:

Figure 3:

Figure 4:

Figure 5:

Figure 6:

Schematic representation of four possible bonding configurations for formamide that is
molecularly adsorbed on a metal surface. Structures (I), (IT) and (III) involve bonding via
heteroatom electron lone pairs, while structure (IV) involves bonding through rehybridiza-

tion of the CO double bond. The arrows indicate lone pair donor bonds.

Several possible decomposition products of formamide on a metal surface. All of these
species have known organometallic analogues (in some of which one or both hydrogens are

replaced by an alkyl or aryl group).

The EEL spectrum of the Ru(001)-p(1x2)-O surface. The inset shows the surface structure
(large circle = ruthenium atom; small circle = oxygen atom) and the unit cell (dashed line).
The fractonal coverage of oxygen adatoms is 0.5. The loss feature at 585 cm™ is
magnified by a factor of 300 compared to the elastic peak, and the remainder of the EEL

spectrum is magnified by a factor of 1000.

The molecular formamide (m = 45 amu) thermal desbrption spectra that result following
various exposures of NH,CHO to the Ru(001)-p(1x2)-O surface at 80 K. The heating rate

is approximately 8 K-s™' in all cases.

Thermal desorption spectra of (a) CO (m = 28 amu), (b) H; (m = 2 amu) and (c) (inset) N,
(m = 14 amu, N cracking fragment) following a saturation NH,CHO exposure of approxi-
mately 8 L on the Ru(001)-p(1x2)-O surface at 80 K. The heating rate is approximately 8
K-s™! in all cases. The shoulder at 385 K in the CO spectrum is due to desorption of CO
adsorbed from the chamber background. Dashed lines are approximate baselines. Note the

different temperature scale in (c).

The EEL spectra that result when the Ru(001) surface at 80 K is exposed to (a) 0.5 L
NH,CHO at 80 K, (b) 0.5 L ND,CHO at 80 K, and (c) 0.5 L NH,CHO at 80 K followed by
momentary annealing 1 225 K. Corresponding EEL spectra for any given exposure are

virtually identical, provided the exposure is not large enough to condense formamide mul-
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tilayers.
Figure 7: The EEL spectra that result when the Ru(001)-p(1x2)-O surface at 80 K is exposed to (a)

0.5 L NH,CHO at 80 K and (b) 0.5 L ND,CHO at 80 K, and annealed momentarily to 400

K. These spectra are characteristic of n2(N,0)-NHCHO and n?(N,0)-NDCHO.

Figure 8: The EEL spectra that result when the Ru(001)-p(1x2)-O surface at 80 K is exposed to (a)
10 L NH,CHO and (b) 10 L ND,CHO, showing the characteristic features of formamide

multilayers.
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CHAPTER VIII

The Interaction of Formamide with Hydrogen-Presaturated Ru(001):
The Conversion of 1'(0)-NH,CHO to n*(C,0)-Bonded Species

[This chapter will be submitted as a paper by J. E. Parmeter and W. H. Weinberg, to The Journal of the
American Chemical Sociery.)
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Abstract
Both the adsorption and the decomposition of formamide (NH,CHO) have been swmdied on a
hydrogen-presaturated (8y ~ 0.85) Ru(001) surface using high-resolution electron energy loss spectros-
copy and thermal desorption mass spectrometry. At a surface lemperature of 80 K, the formamide
chemisorbs molecularly via an elecron lone pair on the oxygen atom in an m'(O)}NH,CHO
configuration. The n'(O)-NH,CHO undergoes competing desorption and conversion 10
1%(C,0)-NH,CHO below 225 K, with only conversion to 1%C.0)-NH,CHO occurring for sufficiently
low formamide coverages. Further annealing of the surface o 250 K causes the 1n%(C,0-NH,CHO to
undergo carbon-hydrogen bond cleavage to produce n*C,0)-NH,CO, and this species decomposes
below 300 K to produce CO, additional hydrogen adatoms and NH. The NH decomposes near 400 K
to nitrogen and hydrogen adatoms, and the desorption of the following reaction products (approximate
peak desorption temperatures) i§ observed: CO (450 K), H; (305, 360 and 405 K) and N, (770 K).
Following a saturation formamide exposure, approximately 0.05 monolayer of formamide decomposes

on the hydrogen-presaturated surface.
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1. Introduction

The interactions of organic molecules containing more than one double bond and/or a heteroatom
with well-defined transition metal surfaces under ultrahigh vacuum (UHV) conditions has been the sub-
ject of much study recently (1). These molecules are of particular interest because several bonding
configurations are possible for the adsorbed molecule, such as m- or di-o-bonding via the molecular
double bond or o-donor bonding via a heteroatom electron lone pair. The electronic structure of the
substrate (i.e. the metal surface) is manifest in the nature of (molecular) ligand bonding and in the reac-
tions that the ligand undergoes, just as the electronic properties of a catalyst surface are manifest in the
rates and mechanisms of its catalytic reactions. Studies of the adsorption of such molecules can possi-
bly identify surface intermediates which may be involved in high-pressure heterogeneously catalyzed
surface reactions, but which cannot be identified directly under reaction conditions due to their low
steady-state concentrations. In addition, the intermediates identified on transition metal surfaces and
their stability can be compared with those in organometallic compounds, thus rendering more systematic
the connection between surface chemistry and organometallic chemistry. We have reported recently the
results of studies of formamide adsorption and decomposition both on the clean Ru(001) surface (2) and
on the Ru(001) surface that is modified chemically by an ordered p(1x2) overlayer of oxygen adatoms
(8, = 0.5, where 8 = 1 corresponds to a surface concentration of 1.58 x 10 cm™) (3,4). We report
here the results of a study of the adsorpton and decomposition of formamide on a Ru(001) surface with
a saturation precoverage of hydrogen adatoms. Hydrogen adatoms are a product of the decomposition

of formamide on clean Ru(001), and could alter both the products of formamide decomposition and

their stability.

Our previous studies of formamide on the Ru(001) and Ru(001)-p(1x2)-O surfaces showed that
the presence of the p(1x2) oxygen adatom overlayer alters profoundly the chemistry of this molecule on
this hexagonally close-packed ruthenium surface. On the oxygen-precovered surface at 80 K, adsorp-
tion occurs molecularly via an electron lone pair on the oxygen atom of the formamide to form an
N'(0)-NH,CHO species. Upon annealing to 225 K, the n}(O)-NH,CHO converts to a slightly different

molecularly chemisorbed species believed to be n%(N,0)-NH,CHO, and upon annealing to 265 K, the
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latier species undergoes NH bond cleavage to produce a formate-like N%(N,0)-NHCHO species. For

sufficiently high initial formamide coverages, molecular desorption of formamide also occurs near 260
and 225 K. The n%(N,0)-NHCHO is stable to 420 K, the temperature at which it decomposes, evolv-
ing CO and H, and leaving nitrogen adatoms on the surface. The nitrogen adatoms desorb as N, near
570 K, leaving the p(1x2) oxygen adatom overlayer intact. Annealing a saturated overlayer of chem-
isorbed formamide results in the formation and decomposition of approximately 0.05 monolayer of
1n%(N,0)-NHCHO. A summary of the reactions of formamide on the Ru(001)-p(1x2)-O surface is del-

ineated in Fig. 1(a).

In dramatic contrast, formamide adsorption on the clean Ru(001) surface at 80 K results initially
in carbon-hydrogen bond cleavage and rehybridization of the CO bond to produce an n%C,0-NH,CO
species. This species decomposes near 250 K, leaving a mixwre of CO, NH;, NH and hydrogen
adatoms on the surface. The small amount of NH; that is formed (~0.02 monolayer) desorbs molecu-
larly near 300 K, while the NH decomposes to nitrogen and hydrogen adaoms between 350 and 400 K.
Hydrogen adatom recombination results in H, desorption below 420 K, while the carbon monoxide
desorbs molecularly between 350 and 500 K. Finally, the nitrogen adatoms combine and desorb as N,
between approximately 700 and 810 K, regenerating the clean surface. In addition, for higher initial
formamide coverages at 80 K, molecular adsorption occurs in an 1'(0)-bonded configuration, as on the
oxygen-precovered suface. The 1'(0)~NH,CHO either desorbs molecularly upon annealing to 225 K,
or decomposes (<0.05 monolayer) to form an n'(N)-NCHO species (5) near 300 K. This species
decomposes below 375 K to adsorbed carbon monoxide, hydrogen and nitrogen. Annealing a saturated
overlayer of formamide chemisorbed on Ru(001) at 80 K gives rise 1o the decomposition of approxi-
mately 0.15 monolayer of formamide. The principal decomposition mechanism of formamide on clean
Ru(001) is depicted in Fig. 1(b).

In view of these results, the adsorption of formamide on a Ru(001) surface that has been presa-
turated with hydrogen is of obvious interest. The initial product of adsorption at 80 K could conceiv-
ably be n'(ONH,CHO as on Ru(001)-p(1x2)-O, Nn*C,0)-NH,CO as on clean Ru(001), or

N%C.0-NH,CHO. The formation of n'(0)~NH,CHO at 80 K rather than n*C,0)-bonded species
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would suggest that hydrogen adatoms are effective in inhibiting the conversion of 1!(Q)-NH,CHO to

n%(C,0)-bonded species, through electronic and/or steric effects. If n%(C,0)-bonded species are formed,
the first n%(C,0)-bonded adsorption product observed could be M*C,0)~NH,CHO, rather than
1n%(C,0>-NH,CO as on clean Ru(001), if the preadsorbed hydrogen adatoms are effective in preventing
CH bond cleavage of adsorbed formamide at 80 K. This might be expected not only because the frac-
tion of vacant sites for hydrogen adatoms is much lower than on the clean surface, but also because the
ruthenium-hydrogen binding energy is lower by approximately 4 kcal-mole™ at high hydrogen cover-
ages. The temperatures at which any conversions among these three species or any other observed
reaction products occur, and the stability of the n%(C,0)-NH,CO species compared with the clean sur-
face can be studied also in order to estimate changes in apparent kinetic barriers. Finally, it is possible
that additional, hydrogenated intermediates (for example, a species containing a hydroxyl group) will be

observed that are not formed on either clean Ru(001) or Ru(001)-p(1x2)-O.

In order to understand fully the reactions of formamide on a hydrogen-presaturated Ru(001) sur-
face, it is necessary to understand the properties of hydrogen alone on Ru(001). A number of studies
have dealt with this subject (6-12). At all temperatures investigated to date (T = 80 K), hydrogen
adsorbs dissociatively on Ru(001). The hydrogen adatoms occupy threefold hollow sites exclusively,
and no ordered overlayers are known to form at any coverage. The sawration coverage of hydrogen
adatoms has been estimated to be 0.85 + 0.15 monolayer (6). When the hydrogen-saturated Ru(001)
surface is annealed, recombinative desorption of H; occurs between approximately 275 and 425 K, with
a maximum desorption rate near 320 K and a shoulder near 380 K (6,9). This peak splitting is due to
repulsive adatom-adatom interactions and/or a weakening of the ruthenium-hydrogen bond at high cov-
erages. Al saturation coverage, hydrogen adatoms give rise to two very weak EELS features near 840
and 1135 cm™, which are due, respectively, to the asymmetric and symmetric ruthenium-hydrogen
stretching modes (8,10). Both of these loss features are sufficiently weak that they often cannot be
observed when other surface species are present that give rise to loss featres in the same frequency

range.

The organometallic chemistry of formamide and related ligands containing an NCO group has
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received considerable attention recently (13-33). The ligands n'(O)-NH,CHO, n*C,0)-NH,CHO and

n4C,0)-NH,CO are of ﬁarticular relevance to the present sudy. Compounds containing 1'(O)-bonded
amide ligands have been synthesized and characterized in which the metal atom is Pt (II) (13) and Co
(IIT) (14). The latter complex, (NH;)sCo(NH,CHO)*, has a carbon-oxygen stretching frequency of
1675 cm™, in good agreement with that of 1660 cm™ of n'(0)-NH,CHO on Ru(001)-p(1x2)-O (3,4).
A number of compounds of rutheniuim- and osmium-containing n*C,0)-NR,CO (R=H or alkyl)
ligands have been synthesized (19-24), and while some infrared data are available, mode assignments
have not, to our knowledge, been given. We know of no organometallic analogues of
N*C,0)-NH,CHO, although analogous 1*C,0)-bonded formaldehyde (34) and acetone (35) ligands
have been identified in organometallic compounds, and 1*C,0)-H,CO (36) and n*%C,0)—(CH,),CO
(37) have been identified previously on Ru(001). Both on the Ru(001) surface and in the organometal-

lic compounds, these ligands have carbon-oxygen stretching frequencies between 1000 and 1300 cm™.

. Experimental Details

The experimental techniques employed in this study were high-resolution electron energy loss
spectroscopy (EELS) and thermal desorption mass spectrometry (TDMS). The EELS and TDMS exper-
iments were performed in an UHV chamber that has been described in detail elsewhere (38). The
home-built EEL spectrometer is of the Kuyatt-Simpson type, with electrostatic hemispheres serving as
the energy dispersing elements in both the monochromator and analyzer. Typical experimental parame-
ters for the EELS measurements were the following: impact energy, approximately 4 eV; resolution
(full-width at half-maximum of the elastically scatiered beam), 75 cm™; count rate, 2 x 10° cps in the
elastically scatiered beam; and (fixed) angle of incidence of the incident electron beam, 60° with respect
to the surface normal. All EEL spectra were measured with electron collection in the specular direc-
tion, except as noted. The EEL spectra were measured afier annealing the crystal at a rate of approxi-

mately 10 K-s™! 10 an indicated temperature with immediate recooling of the surface o 80 K.
The UHV chamber was pumped by a 220 1-s™' Varian noble vacion pump and a titanium sublima-
tion pump. The background pressure was below 2 x 107'° Torr during all EELS measurements, and the

base pressure was below 5 x 107!! Torr. Liquid nitrogen cooling allowed crystal iemperatures as low as
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80 K to be obtained routinely. The Ru(001) crystal was cleaned by annealing cycles between 1100 and

1500 K in a background of 5 x 10 Torr 0,, followed by annealing to 1650 K in vacuum. Occasion-
ally, argon ion sputtering was also employed (1 keV, 1-2 pA current at the crystal for 2-3 hours). The
Ru(001) surface was judged to be clean when it exhibited both a featreless EEL spectrum and H, ther-

mal desorption spectra that are characteristic of the clean surface (6,9).

The UHV chamber also contained a quadrupole mass spectrometer for performing thermal desorp-
tion measurements and for monitoring the purity of the gases introduced into the UHV chamber. All
thermal desorption spectra were obtained with a heating rate of 6-10 K-s™'. Exposures were effected by
backfilling the UHV chamber through leak valves. The formamide used in this study was obtained
from Aldrich (reported minimum purity of 99%), and the hydrogen was obtained from Matheson
(reported minimum purity of 99.9995%). The detailed procedure of admitting formamide into the UHV

chamber has been discussed elsewhere (4).

III. Results
A. Thermal Desorption Mass Spectrometry

The clean Ru(001) surface at 80 K can be nearly saturated with hydrogen adatoms [8y = 0.85 (6)]
by exposure o 5L (1L = 1 Langmuir = 10~ Torr-s) or more of H,. When the hydrogen-presaturated
surface is exposed to various fluxes of NH,CHO at 80 K, the following species are detected in subse-
quent TDM spectra: NH,CHO, CO, H; and N,. The exposures quoted below were measured with an

ionization gauge, and are uncorrected for the relative ionization probabilities of the various gases.

Figure 2 shows molecular NH,CHO thermal desorption spectra (m/e = 45 amu) following various
exposures of NH,CHO to the hydrogen-presaturated Ru(001) surface at 80 K. For a 0.5 L exposure, no
molecular desorption occurs, indicating that all of the adsorbed formamide decomposes upon heating.
For exposures greater than 1 L, a desorption peak appears at 225 K; and for exposures greater than
approximately 2.5 L, a second desorption peak appears at 210 K, the later of which does not saturate
with increasing exposures. In agreement with the results of our previous studies of formamide adsorp-

tion on clean Ru(001) and Ru(001)-p(1x2)-O (2,4), the 210 K peak is attributed to the desorption of
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condensed formamide multilayers, while the 225 K peak is due to the desorption of monolayer formam-
ide. The temperatures of these two desorption peaks and the amount of formamide that desorbs in the
225 K peak are nearly identical within experimental error for both the clean and the hydrogen-

presaturated surface. Both peaks appear at a lower exposure, however, on the hydrogen-presaturated

surface.

Thermal desorption spectra of CO (m/e = 28 amu) are shown in Fig. 3 for saturation NH,CHO
exposures on both clean and hydrogen-presaturated Ru(001). A single CO thermal desorption peak is
observed in each case, at 410 K on the clean surface, (a), and at 450 K on the hydrogen-covered sur-
face, (b). On the clean surface, the CO thermal desorption peak occurs at 480 K following a 0.5 L
NH,CHO exposure and shifts downward continuously to 410 K at saturation (2). The downshift is
much less pronounced on the hydrogen-precovered surface (from 470 to 450 K) consistent with the
lower formamide coverages that are involved. Both EEL spectra [cf. Sec. III.B] and previous thermal
desorption measurements following CO adsorption on Ru(001) (39) show clearly that the thermal
desorption spectra of Fig. 3 result from molecularly adsorbed CO, rather than from the recombination
and desorption of carbon and oxygen adatoms (40). The amount of CO that is desorbed following a
saturation NH,CHO exposure on hydrogen-presaturated Ru(001) allows the fractional surface coverage
of formamide that decomposes to be estimated as approximately 0.05 monolayer, compared with 0.15
monolayer on the initially clean surface and 0.05 monolayer on Ru(001)-p(1x2)-O. The coverage of

0.05 monolayer corresponds to approximately 8 x 10'? formamide molecules-cm™ (41).

Figure 4 shows hydrogen thermal desorption spectra (m/e = 2 amu) for a hydrogen-saturated
Ru(001) surface, (a), and for a hydrogen-saturated Ru(001) surface that has been exposed to 6 L
NH,CHO, (b). As noted previously, thermal desorption spectra of H, from hydrogen-saturated Ru(001)
show a peak at 320 K with a shoulder near 380 K. Thermal desorpton spectra of H, from the
hydrogen-presaturated surface with coadsorbed NH,CHO show a desorption maximum at 305 K, a pro-
nounced shoulder at 360 K and a weak shoulder at 405 K. As in the case of the decomposition of for-
mamide on clean Ru(001) (2), the recombinative desorption of molecular nitrogen (m/e = 28 amu, with

a cracking fragment at m/e = 14 amu) is observed. The range of desorption temperatures (approxi-
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mately 740-810 K) and the peak temperature (approximately 770-790 K) are similar for similar cover-

ages of irreversibly adsorbed formamide in the two cases.
B. Electron Energy Loss Spectroscopy

As noted previously, the adsorption of hydrogen on Ru(001) leads to the appearance of two very
weak loss features near 840 and 1125 cm™. These are due to the asymmetric and symmetric
ruthenium-hydrogen stretching modes, respectively, of hydrogen adatoms adsorbed in threefold hollow
sites. The EEL spectrum of Fig. 5(a) is observed when the hydrogen-presaturated surface is exposed to
0.5 L NH,CHO at 80 K. This exposure results in approximately 0.03 monolayer of molecularly
adsorbed formamide. For comparison, Fig. 5(b) shows the EEL spectrum that results when the Ru(001)
surface with an ordered p(1x2) overlayer of oxygen adatoms (8, = 0.5) is exposed to 0.5 L NH,CHO at
80 K (3,4). Although there are slight differences in the frequencies and relative intensities of some loss
features, it is clear that the same surface species is formed in both cases. This species has been
identified previously as n'(O)-NH,CHO, molecularly chemisorbed formamide that is bonded to the sur-
face via a lone pair of electrons on the oxygen atom of the formamide (3,4). The mode assignments for
this species are given in Table I, and the frequencies compare well to those of liquid (43) and gas phase
(44) formamide. The carbonyl stretching frequency of 1670 cm™ is characteristic of a carbon-oxygen
double bond and indicates clearly that no significant rehybridization of this bond has occurred. The
assignment of the various NH, modes has been confirmed for n'(O)-NH,CHO on the Ru(001)-p(1x2)-O
surface by measuring EEL spectra of adsorbed ND,CHO (4). The identity of the weak loss feature at
670 cm™ in Fig. 5(a) is uncertain, but it is possibly due to T(NH,). The loss features at 795 and 1115
cm™ are too intense to be attributed solely to the ruthenium-hydrogen stretching modes of the coad-
sorbed hydrogen adatoms. The broad feature at 570 cm™ in Fig. 5(b) is due to two overlapping loss
features: (NCO) of T]‘(O)—NH;CHO at 525 cm™, and v,(RuO) of the coadsorbed oxygen adatoms at
585 cm™!. Neither spectrum in Fig. 5 shows evidence for any formamide decomposition after adsorp-
tion at 80 K. The very weak loss feature near 2000 cm™ in both spectra is due to less than 0.005

monolayer of carbon monoxide adsorbed from the chamber background (42).

The EEL spectra of Fig. 5(c) and (d) result when the hydrogen-presaturated Ru(001) surface at 80
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K is exposed to 2 L and 4 L of formamide, respectively. Note by comparison to Fig. 2 that while Fig.

5(a) corresponds to a coverage where no formamide desorbs molecularly, Fig. 5(c) corresponds to a
coverage where some formamide desorbs molecularly in the 225 K desorption peak, and Fig. 5(d)
corresponds to a coverage where multilayer formamide is present. The EEL spectrum of Fig. 5(c) is
also characteristic of n!(0)-bonded formamide, but due to the increased coverage it shows some pro-
nounced differences compared with Fig. 5(a). The most noticeable difference is the very intense,
broadened and downshifted w(NH,) loss feature at 710 cm™, and the NH, stretching region shows a
broad, multipeaked structure. These changes are attributable to hydrogen-bonding among the adsorbed
formamide molecules (43). In addition, the 1115 cm™ loss feature has been replaced by a sharper
feature at 1050 cm™. The EEL spectrum of Fig. 5(d) shows similar changes, as well as an intense loss
at 215 cm™ due to a lattice mode of the formamide multilayers. A loss feature at 2400 cm™ is also
resolved, which is due to a combination band of the loss features at 710 and 1695 cm™. Similar
changes in the EEL spectra of formamide on Ru(001)-p(1x2)-O at 80 K were also observed as the

exposure was increased (4).

Annealing the Ru(001) surface represented by Fig. 5(a) briefly to 150 K (45) causes the partial
conversion of n’(O)—NHzCHO to one or more different surface species, and by 200 K this conversion is
complete. The same conversion occurs if the surface represented by Fig. 5(c) or (d) is annealed, but at
slightly higher temperatures; the conversion is complete by 215 K following a 2 L formamide exposure
and by 230 K following a 4L exposure. The EEL spectrum measured after annealing the surface of
Fig. 5(a) w 200 K is shown in Fig. 6(a), and it is obviously very similar (but not identical) to the EEL
spectrum of N*C,0)-NH,CO on clean Ru(001) that is shown in Fig. 6(b). The intense V(CO) loss
feature of n'(0)-NH,CHO at 1660 cm™ has disappeared completely, while a loss feature remains at
1585 cm™ that is considerably stronger than the 8(NH,) loss feature of n'(O)-NH,CHO. The intense
3(NCO) mode of n'(0)-NH,CHO has disappeared also, leaving a broad peak near 445 cm™, a weak
peak at 300 cm™, and two rather intense peaks at 655 and 825 cm™. Loss features due to nitrogen-
hydrogen and carbon-hydrogen stretching vibrations are present near 3335 and 2885 cm™, respectively,

while a weak peak at 1975 cm™ indicates the continuing presence of less than 0.005 monolayer of
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coadsorbed carbon monoxide. Additional loss features are present at 1395, 1300, 1135 and 1015 cm™,

with the last peak being very weak. The intensity of the 1135 cm™! peak is due partially to v,(RuH) of

hydrogen adatoms.

While the EEL spectrum of Fig. 6(a) is clearly similar to that of 'r]z(C.O)-NHzCO on clean
Ru(001), a significant difference is the presence of the v(CH) loss feature at 2885 cm™, indicating that
a species containing a carbon-hydrogen bond is present on the surface. Since this mode is not observed
in the case of N%(C,0~NH,CO on clean Ru(001) and because it loses little intensity in spectra meas-
ured 10° off-specular (46), it cannot be assigned as a combination band of the modes with loss features
at 1300 and 1585 cm™, and the lack of the intense W(CO) loss feature at 1660 cm™ indicates that it
cannot be due either to the presence of n!(0)~NH,CHO or to any other formamide species that main-
tains the carbonyl double bond. It is therefore attributed to 1*(C,0)-NH,CHO, which is stabilized by
the presence of coadsorbed hydrogen. A small amount of 1%C,0)-NH,CO might also be present on
the surface represented by Fig. 6(a). Since these two species are expected to have rather similar EEL
spectra, a clear distinction between the two cannot be made. The mode assignments for
1n%C,0-NH,CO on clean Ru(001) are listed in Table I along with those for T]z(C.O)—NHZCHO from

Fig. 6(a), and the EEL spectrum of Fig. 6(a) is discussed further in Sec. IV.

Annealing the surface to 250 K [cf. Fig. 6(c)] results in the disappearance of the v(CH) loss
feature, indicating that the conversion of n%C,0)-NH,CHO to n%C,0)-NH,CO has gone to comple-
tion. The intensity of the carbon monoxide loss feature at 1975 cm™ has increased significantly, sug-
gesting that approximately 0.01 monolayer of n*(C,0)-NH,CO .has decomposed to carbon monoxide,
NH and hydrogen adatoms (vide infra). In addition, the loss features at 825 and 1135 cm™ have
decreased somewhat in intensity relative to the other loss features in the spectrum. After annealing the

surface to 300 K, all loss features due to n*(C.0)-NH,CO have disappeared completely. This is true

for all formamide coverages.

Figure 7(a), (b) and (c) show the EEL spectra obtained after annealing the same surface to 300,
350 and 500 K, respectively. Figure 7(c) shows only a single loss feature at 575 cm™ due to v,(RuN)

of nitrogen adatoms, consistent with the thermal desorption results which indicate that only nitrogen
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desorbs from the surface above 500 K. Since this loss feature disappears upon annealing 1o 850 K, its

identification with nitrogen adatoms is unambiguous. The spectra of Fig. 7 measured after annealing
the surface to 300 and 350 K show intense loss features at 445 and 1990 cm™, which are due to v(Ru-
CO) and v(CO) of approximately 0.03 monolayer of carbon monoxide (47). In addition, Fig. 7(a)
shows losses at 800, 1140, 1395, 1660 and 3315 cm™, and Fig. 7(b) shows losses at 1375 and 3310

-1

cm™. The loss features near 3310 and 1375 cm™ disappear concomitantly near 400 K, and are

assigned to v(NH) and &(NH), respectively, of an NH species, in accordance with our previous results
for formamide decomposition on clean Ru(001) (2). The disappearance of these loss features upon
annealing to 400 K correlates with the appearance of the 575 cm™ loss feature, indicating that the NH
decomposes to nitrogen and hydrogen adatoms as on clean Ru(001) (2). The loss feawres at 800 and
1140 cm™ are attenuated greatly upon annealing from 300 to 350 K, and are due primarily to the pres-
ence of hydrogen adatoms. The 1660 cm™ loss feature is assigned to v(CO) of a small amount of
N'(0)-NH,CHO that is readsorbed from the chamber background, in agreement with our previous
results for formamide adsorpuion on Ru(001)-p(1x2)-O (4). Note that such a small amount of
1'(0)~-NH,CHO could be present in any of the EEL spectra of Fig. 6 and would be barely detectable
due 1o overlap with the loss feature near 1590 cm™. In summary, our EELS results indicate that the
stable decomposition products of n%(C,0)-NH,CO on hydrogen-presaturated Ru(001) are CO, NH and
hydrogen adatoms. As on clean Ru(001) (2), there is no evidence for the formation of a stable NH,
species, although the possibility that very small amounts of NH, might be present cannot be ruled out

com.plctely based on the EELS data alone.

IV. Discussion

On hydrogen-presaturated Ru(001) at 80 K, formamide adsorbs molecularly through a lone pair of
electrons on the oxygen atom in an 1'(O)-bonded configuration. The bonding of n!(O)-NH,CHO to
the surface may be thought of as a Lewis acid-Lewis base interaction, with the surface acting as a
Lewis acid and the formamide as a Lewis base. This 1'(O)-NH,CHO is the same molecular species
that is formed on Ru(001)-p(1x2)-O at 80 K (3,4), and is quite different from the n*(C,0)-NH,CO

which is formed following low exposures of formamide on clean Ru(001) at 80 K [although
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1'(0)-NH,CHO is formed following high formamide exposures on clean Ru(001)] (2). Thus, the

preadsorption of hydrogen makes a quantitative difference in the bonding of formamide on Ru(001) at

80 K, just as the preadsorption of oxygen does.

It is of interest that both a saturation hydrogen coverage (8y ~ 0.85) and an ordered p(1x2) over-
layer of oxygen adatoms (8 = 0.5) cause the same alteration of the bonding of formamide to Ru(001)
at 80 K (compared with the clean surface). The fact that n!(O)~-NH,CHO is formed on hydrogen-
presaturated Ru(001) rather than 1%(C,0)-bonded species indicates that the hydrogen adatoms increase
the activation barrier for the formation of *C,0)-bonded species. This increased activation barrier
could result from either steric or electronic effects, or a combination of both. Due to the very similar
electronegativities of ruthenium (2.2) and hydrogen (2.1) (47), the adsorption of hydrogen has only a
small effect on the work function of the Ru(001) surface; a saturation hydrogen coverage at 95 K
causes the work function to decrease by only 10 meV (9). This is in contrast to the formation of a
p(1x2) oxygen adatom overlayer on Ru(001), which causes the work function of this surface to increase
by 1.06 eV (48) and thus favors strongly lone pair donor bonding [e.g. 1'(O)-bonding] over n%C,0)-
bonding, the latter of which involves significant electron backdonation from the surface metal atoms to
the n* orbital(s) of the ligand. Nevertheless, the formation of (nearly) a complete monolayer of
ruthenium-hydrogen bonds with a bond strength of approximately 60 kcal-mol™ must have a significant
effect on the nature of the ruthenium-formamide interaction at 80 K. While the Fermi level of the
Ru(001) surface is raised slightly by a saturation hydrogen coverage (as evidenced by the small work
function decrease), the local density of states at the Fermi level will be decreased due o the "tying up”
of electrons involved in covalent bonding to the hydrogen. This effect could make backdonation less
facile than on the clean surface and thus increase the activation barrier for the m'(O)-NH,CHO to

1%C,0)-NH,CHO conversion.

It should be noted that while the same n'(O)-NH,CHO species is formed on hydrogen-
presaturated Ru(001) and Ru(0Q01)-p(1x2)-O at 80 K, different decomposition products of this species
are observed in each case which can be correlated with the different perturbations of the ruthenium by

the hydrogen and the oxygen. On the hydrogen-presaturated surface, where the separation between the
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Fermi level and the formamide m* orbital is 1.07 eV less than on the oxygen-precovered surface, the

1'(0)-NH,CHO converts to 1% C,0)-NH,CHO, which undergoes significant carbon-oxygen bond rehy-
bridization that results in part from electron backdonation from the metal to the formamide n* orbital.
On the other hand, 1'(0)-NH,CHO on Ru(001)-p(1x2)-O convers to 1?(N,0)~-NH,CHO, which bonds
to the surface via lone pair donor bonds on both the oxygen and nitrogen atoms. Thus, on hydrogen-
presaurated Ru(001), the 7'(0)-NH,CHO converts to the molecularly adsorbed species with the
greatest metal-to-formamide chafge transfer, while on Ru(001)-p(1x2)-O it converts to the molecularly

adsorbed species with the greatest formamide-to-metal charge transfer.

The conversion of the initially adsorbed n'-formamide species 1o 1*(C,0)-bonded species is in
agreement with our previous assignment of the former as being 1'(O)-bonded rather than n'(N)-bonded,
since the conversion of an 1'(N)-bonded w0 an n%(C,0)-bonded species is unlikely. The 1'(O)-bonding
configuration is expected to be favored over n'(N)-bonding for molecular formamide, because in the
gas phase molecule there is no electron lone pair strictly localized on the nitrogen atom due to the par-
tial double bond character of the carbon-nitrogen bond (which results in a planar structure for the gas
phase molecule). It has been noted previously (4) that the observed v(CO) frequency of the n'-bonded
formamide of approximately 1670 cm™, which is substantially reduced from the gas phase value of
1734 cm™ (44), provides additional support for '(O)-bonding. This is in agreement with IR data for
the organometallic compounds trans-PiCl(C,H,)(NH,CONH;) and trans-PtCly(C,H,)[(CH;),NCHO],
where a decrease in the frequency of v(CO) upon coordination was observed for both urea and
dimethylformamide, and was lak;:n as evidence that the urea and dimethylformamide ligands are O-
bonded rather than N-bonded (14). In contrast, the N-bonded urea ligands in trans-PtCl,(urea), exhibit

v(CO) at 1725 cm™, 46 cm™ higher than v(CO) in free urea (14).

The EEL spectra that were measured following annealing of the hydrogen-saturated Ru(001) sur-
face with a few hundreths of a monolayer of adsorbed n'(O)-NH,CHO to 200 K [cf. Fig. 6(a)] are
quite similar to those of 1%(C,0)-NH,CO on clean Ru(001) (2), but a significant difference is the pres-
ence of the loss feature at 2885 cm™ due to a carbon-hydrogen stretching mode. This indicates that a

species containing a carbon-hydrogen bond is present, and since the v(CH) loss feature is as strong as
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that in Fig. 5(a) while the strong modes at 1660 and 525 cm™ have disappeared completely, it cannot

be attributed to residual n'(0)-NH,CHO. Possible decomposition products of formamide that contain
carbon-hydrogen bonds also cannot account for this loss feature. For example, the observed frequency
of 2885 cm™ is approximately 100 cm™ lower than the v(CH) frequencies of methylidyne (49,50) and
Nn%(C.0)-NHCHO [and the remainder of the EEL spectrum of Fig. 6(a) is not consistent with the latter)
(3,4). No stwrong loss feature is observed between approximately 1700 and 1800 cm™!, as would be
expected for either n'(N)-NCHO or n'(N)-NHCHO (33). A formyl (CHO) species is not expected to
be stable on Ru(001) at 200 K, since n'(C)-HCO was not observed in the decomposition of formal-
dehyde on Ru(001) at 80 K (36), and n*(C,0)-HCO is not stable above 120 K on this surface (36). In
adduon, there is no evidence for the production of NH; or NH at or below 200 K. Thus, this loss
feature is interpreted as being due to the presence of M%C,0)-NH,CHO, which is stabilized with
respect to carbon-hydrogen bond cleavage by the large concentration of hydrogen adatoms on the sur-

face.

The EEL spectrum of n%C,0)-NH,CHO is expected to be similar to that of 'nz(C.O)-NHzCO.
though not identical. Only a single resonance structure can be written for di-o-bonded

N%C,0)-NH,CHO, and the carbon-nitrogen and carbon-oxygen bonds are expected to be pure single
bonds:

He==0

77777777
A m-bonded structure containing a carbon-oxygen double bond is also possible for n%(C,0-NH,CHO,
but is not expected to contribute significantly to the actual structure of this ligand on the ruthenium sur-

face. On the other hand, three different resonance structures can contribute to the structure of

n%(C,0)-NH,CO:
+
H_No H_Ny H_N -
2m 2 To=0 2 =0 3
il / \
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6] (ii) (iii)
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Thus n%C,0-NH,CHO is expected to have lower v(CN) and v(CO) frequencies than n%(C,0-NH,CO,

and probably also differing amounts of coupling of these modes to the various NH, deformation modes
[e.g., less coupling to 8(NH,) near 1585 cm™ and more to w(NH,) near 820 cm™'). Since the EEL
spectrum of Fig. 6(a) is so similar to that of 7*(C,0)~-NH,CO on clean Ru(001) [Fig. 6(b)], one possi-
ble interpretation of this spectrum is that it is due w a mixwre of M*C.0)-NH,CO and
nz(C,O)-NHZCHO. A more likely possibility, however, is that resonance structure (i) is by far the most
important in the actual structure of n%(C,0)-NH,CO, so that the carbon-oxygen and carbon-nitrogen
bonds are essentally single bonds in both surface species. The marked changes in the frequencies and
intensities of the ruthenium-ligand stretching modes below 500 cm™ on the hydrogen-presaturated sur-
face compared with the clean surface no doubt result from both the different bonding geometry of
N*C,0-NH,CHO compared with n%(C,0-NH,CO and a perturbation of the bonding of both species

on the hydrogen-presaturated surface caused by the coadsorbed hydrogen adatoms.

Further annealing of the surface, which has been exposed to 0.5 L of formamide, to 250 K
reduces the v(CH) loss feature to the level of noise, consistent with the complete conversion of the
n%C,0)-NH,CHO 10 1*C.0)-NH,CO. The increase in the intensity of the loss feature due to v(CO)
of carbon monoxide indicates that some of the n%(C,0)-NH,CO (approximately 0.01 monolayer) has
decomposed 10 CO, NH and hydrogen adatoms. The decrease in the intensity of the 1135 cm™ loss
feature upon annealing from 200 to 250 K suggests that at 200 K this mode derives most of its intensity
from a carbon-hydrogen bending mode of n%C,0)-NH,CHO rather than from v,(RuH) of hydrogen
adatoms, since very linle surface hydrogen desorbs below 250 K. The decomposition of
N*C,0)-NH,CO to CO, NH and hydrogen adatoms is complete after annealing to 300 K. Low cover-
ages (8 < 0.05) of n%(C,0)-NH,CO on Ru(001) are thus stabilized slightly by the presence of hydrogen
adatoms, since the decomposition of a similar coverage pf 1%C,0)-NH,CO on clean Ru(001) is com-
plete by 250 K (2). However, for a saturation coverage of formamide on clean Ru(001), a small

amount of n%C,0)-NH,CO is stable to 280 K, as on the hydrogen-presaturated surface.

A surprising aspect of the decomposition of n?(C,0)-NH,CO on the hydrogen-presaturated sur-

face is that we did not detect the formation of ammonia either by EELS or TDMS. On clean Ru(001),



164,
the decomposition of n%C,0)-NH,CO led to the formation of both NH and ammonia, although the
former was the principal NH, decomposition product (2). The ammonia was detected in EEL spectra
by the observation of the very intense §,(NH;) mode at 1160 cm™! and also by the weak §,(NH;) mode
at 1590 cm™, while mass 17 thermal desorption spectra showed clearly a desorption peak near 300 K
that correlated with the disappearance of these two loss features. The production of both NH and
ammonia on the clean surface is believed to result from the dehydrogenation and hydrogenation of a

short-lived NH, species that is not spectroscopically isolated, i.e.

1n%(C,0)-NH,CO — CO + [NH,]

_— NH+H
NHI ot

From this point of view, the rato of NH; to NH that are formed would be expected to increase as the
concentration of hydrogen adatoms on the surface is increased. It is possible that a small amount of
ammonia could be formed on the hydrogen-presaturated surface without being detected spectroscopi-
cally, especially if its desorption is reaction-limited in the presence of surface hydrogen at 250-300 K.
Another possibility is that the n%C,0)-NH,CO undergoes NH bond cleavage prior to CN bond
cleavage on the hydrogen-precovered surface, due to repulsive interactions between coadsorbed carbon
monoxide and hydrogen (51). Once a single NH bond has beenm cleaved (to produce presumably a
short-lived NHCO species), it is unlikely that any ammonia will be formed, since adsorbed NH does not

appear to react with coadsorbed hydrogen adatoms to form ammonia under these conditions on this sur-

face (2).

The amount of formamide that decomposes (i.e., the amount that adsorbs irreversibly) following a
saturation formamide exposure on hydrogen-presaturated Ru(001) is approximately 0.05 monolayer,
compared with 0.15 monolayer on clean Ru(001). The fact that preadsorbed hydrogen inhibits the
chemisorption and decomposition of formamide on Ru(001) is not surprising. Similar coverages of
hydrogen have been found previously to inhibit significantly the irreversible adsorption of ethylene (52)
and acetylene (53) on Ru(001). In addition, a saturation hydrogen coverage was found to block com-

pletely the adsorption of oxygen on this surface at 80 K (12).
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In addition to decomposing, some of the n'(0)-NH,CHO desorbs molecularly following formam-

ide exposures of approximately 1 L or more on hydrogen-presaturated Ru(001), as evidenced by the 225
K molecular formamide thermal desorption peak. Note that this desorption temperature is not incon-
sistent with the EEL spectrum of Fig. 7(a), which corresponds to a 0.5 L exposure. As pointed out
previously, the n'(0)- to n*C,0)-bonding conversion occurs at slightly higher temperatures for higher
coverages. Using Fig. 2 1o estimate the formamide exposure corresponding to monolayer saturation as
approximately 2.5 L and the exposure where molecular desorption begins as 0.8 L, and assuming a con-
stant probability of adsorption of unity at 80 K (which is justified because multilayer condensation is
observed), the amount of reversibly adsorbed formamide in the 225 K desorption peak is estimated to
be very approximately 0.10 monolayer, compared with the approximately 0.05 monolayer that adsorbs
irreversibly. We favor the assignment of the 225 K NH,CHO desorption feature as being due to
N'(0)-NH,CHO rather than second-layer formamide because it is unlikely that all of the 1'(0)-
NH,CHO would convert to n*(C,0-NH,CHO and none would desorb at a temperature below that of

H, desorption with a hydrogen adatom coverage of approximately 0.85 monolayer.

Hence, our results are consistent with the following overall decomposition mechanism for for-
mamide on hydrogen-presaturated Ru(001) [(g) denotes a gas phase species; all other species are
adsor.bcd]:

(1) NH,CHO(g) = n'(0)-NH,CHO

(2) M'(0»NH,CHO — n*(C,0)-NH,CHO

(3) M*C.0)-NH;CHO — n*C,0-NH,CO + H
(4) m*C,0-NH;CO —» CO+NH + H

(5 NH->N+H

(6) CO — CO(g)

(7) 2H - Hy(g)

(8) 2N — Ni(g),

where reaction (4) is clearly not an elementary reaction. The intermediates of this decomposition reac-

tion are analogous to those observed in the decomposition of formaldehyde on Ru(001), namely
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n'(0)-H,CO, n*C,0)-H,CO and n*C,0)-HCO (36).

V. Conclusions
The principal conclusions of this work can be summarized as follows:

1. Formamide adsorbs on hydrogen-presaturated Ru(001) (8 ~ 0.85) at 80 K via an electron lone pair
on the oxygen atom in an 1'(O)-NH,CHO configuration. This is the same bonding configuration as
is observed for formamide adsorbed on Ru(001)-p(1x2)-O at 80 K, and is in contrast to the
N%(C,0)-NH,CO species formed when low coverages of formamide are adsorbed on clean Ru(001)
at 80 K [although some 1'(O)-NH,CHO is formed on clean Ru(001) following high formamide
exposures at 80 K]. Thus, the preadsorption of hydrogen influences the initial bonding configuration

of formamide on this surface.

2. The sawration monolayer coverage of formamide on hydrogen-presaturated Ru(001) at 80 K is
approximately 0.15 monolayer, of which 0.05 monolayer decomposes and 0.10 monolayer desorbs
near 225 K. The preadsorbed hydrogen therefore passivates the surface with respect to formamide
adsorption and decomposition, since on clean Ru(001) approximately 0.25 monolayer of formamide

adsorbs in the monolayer at 80 K, of which 0.15 monolayer decomposes.

3. The n'(O)-NH,CHO formed on hydrogen-presaturated Ru(001) converts to nz(C,O)—N}izCHO
below 200 K, and this species subsequently undergoes carbon-hydrogen bond cleavage below 250 K
o form n?%C,0)-NH,CO. This is in marked contrast to the chemistry of 1'(0)-NH,CHO on
Ru(001)-p(1x2)-0, which converts to 1?(N,0)-NH,CHO near 225 K and then undergoes nitrogen-
hydrogen bond cleavage near 265 K to produce a formate-like n2(N,0)-NHCHO species. Thus, the
same surface species undergoes different reactions on Ru(001) surfaces that have been modified
chemically by the presence of different adspecies (due to the different electronic and stearic effects

that these adspecies produce).

4. The n*C,0)~-NH,CO formed on hydrogen-presaturated Ru(001) decomposes to yield CO, hydrogen
adatoms and NH. The NH decomposes to nitrogen and hydrogen adatoms near 400 K; and CO, H,

and N, desorb, regenerating the clean Ru(001) surface following annealing above 800 K.
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Table I: Vibrational frequencies (in cm™) and mode assignments for various formamide-derived
species on Ru(001)-p(1x2)-O, hydrogen-presaturated Ru(001) (84 = 0.85), and clean Ru(001). Data for

gas phase and liquid formamide are given for comparison.

n%C.0r-
NH,CHO 1'(0)-NH,CHO n%C,0)-NH,CHO  NH.CO
Gas  Liquid Ru(001)-p(1x2)-O  Ru(001)+H Ru(001)+H Ru(001)
Mode (44) (43) 8o = 0.5 (4)° (this work)* (this work)® (2)
v,(NH,) 3545 3330 3490 3500 3335 3510°
v,(NH,) 3451 3190 3230 3220 3380°
v(CH) 2852 2882 2940 2945 2890 -
v(CO) C 1734 1690 1660 1670 ¥ e
8(NH,) 1572 1608 1585 1585 . .
v(CN) 1255 1309 T i o .
1360 1355
8(CH) 1378 1391 1 L n.o .
n(CH) 1030 1056 n.o. n.o. 1135 -
p(NH,) 1059 1090 1110 1115 * “
©(NH,) 289(7) 750 790 795 825 820
T(NHy) 602 200 n.o. 670(?7) n.o. n.o.
5(NCO) 565 608 525 525 655 655
v(Ru-ligand) - - 300 n.o. 300,445 270,360

a = asymmetric, S = symmetric, n.0. = not observed.

“These frequencies are based on 0.5 L formamide exposures. Al higher coverages, some frequency
shifts are observed due 1o hydrogen-bonding among the adsorbed molecules.

®These vibrational frequencies are based on the EEL spectrum of Fig. 6(a), in which some
n%*(C,0)-NH,CO may also be present

“These modes are well-resolved only in off-specular spectra.

“In the case of n%(C,0)-NH,CHO, modes occur with frequencies of 1585, 1395, 1300 and 1015 cm™,
which are due o 8(NH,), p(NH,), v,(NCO) and v,(NCO). Since coupling among these modes is
significant, specific assignments cannot be given. The situation is similar for n%(C,0)-NH,CO, which
on clean Ru(001) exhibits loss features at 1580, 1370, 1300 and 1015 cm™'.
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Figure Captions

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure §.

Figure 6.

Figure 7.

The principal decomposition mechanisms of formamide (a) on the Ru(001) surface with an
ordered p(1x2) overlayer of oxygen adatoms (8 = 0.5) and (b) on clean Ru(001). The NH
and NH, that are formed from 1%(C,0)-NH,CO decomposition on clean Ru(001) are prob-
ably formed via the dehydrogenation and hydrogenation of a short-lived NH, species which
results upon carbon-nitrogen bond cleavage of 1%(C,0)-NH,CO, but the NH; is not spec-
troscopically identdfied.

Thermal desorption spectra of molecular formamide (m/e = 45 amu) following various

exposures of formamide to a hydrogen-presaturated Ru(001) surface at 80 K.

Thermal desorption spectra of CO (m/e = 28 amu) following saturation (8 L) formamide
exposures on (a) clean Ru(001) at 80 K, and (b) a hydrogen-presaturated [10 L H, expo-

sure] Ru(001) surface at 80 K.

Thermal desorption spectra of H, (m/e = 2 amu) from a Ru(001) surface that has been
exposed to (a) 10 L H, (saturation) at 80 K, and (b) 10 L of H, followed by 8 L of
NH,CHO at 80 K.

The EEL spectra that result following (a) a' 0.5 L NH,CHO exposure on hydrogen-
presaturated Ru(001), (b) a 0.5 L NH,CHO exposure to Ru(001)-p(1x2)-O, (c) a 2 L
NH,CHO exposure to hydrogen-presaturated Ru(001), and (d) a 4 L NH,CHO exposure to
hydrogen presaturated Ru(001). All exposures were made, and all EEL spectra measured,

with the surface held at a temperature of 80 K.

The EEL spectra that result from the following treatments of a Ru(001) surface: (a) 10 L
H, followed by 0.5 L NH,CHO and annealed to 200 K; (b) 0.5 L NH,CHO; and (c) 10 L
H, followed by 0.5 L NH,CHO and annealed to 250 K. All exposures were made, and all

EEL spectra measured, with the surface held at a temperature of 80 K.

The EEL spectra that result when a hydrogen-presaturated Ru(001) surface is exposed 1o

0.5 L NH,CHO at 80 K and then annealed to (a) 300 K, (b) 350 K, and (c) 500 K.
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CHAPTER IX

Electron Energy Loss Spectroscopy of Ammonia on Ru(001)

[This chapter has been submitled as a paper by J. E. Parmeter, Y. Wang, C. B. Mullins and W. H.
Weinberg, w The Journal of Chemical Physics.)
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Abstract
The adsorption of ammonia on Ru(001) has been studied using high-resolution electron energy
loss spectroscopy. Multilayer, second-layer and monolayer ammonia have been characterized
vibrationally. These three states desorb near 115, 130 and between approximately 150 and 350 K,
respectively. The symmetric deformation mode of chemisorbed ammonia shifts down in frequency con-
tinuously with increasing coverage from approximately 1160 cm™ in the low-coverage limit to approxi-
mately 1070 cm™ a1 (monolayer) saturation. The frequency of this mode in coordination compounds of
ammonia is sensitive to the charge on the metal atom (increasing with increasing positive charge), and
the frequency shift of this mode on the Ru(001) surface can be correlated with the work function
decrease that this surface undergoes as the ammonia coverage increases. Off-specular EEL spectra
allow the weak NHj rocking mode and the frustrated translation of the ammonia perpendicular to the
surface (i.e. the metal-nitrogen stretch) of chemisorbed ammonia to be resolved near 625 and 340 cm™,
respectively. These modes have not been identified in previous EELS studies of chemisorbed ammonia
on hexagonally close-packed metal surfaces. Second-layer and multilayer ammonia yield EEL spectra
similar 1o those observed on other metal surfaces. In agreement with previous results, the adsorption of

ammonia on Ru(001) at 80 K, followed by annealing, leads only to reversible desorption.
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I. Introduction

The adsorpuon of ammonia on well-defined single-crystalline metal surfaces under ultrahigh
vacuum (UHYV) condiuons has r?ceived considerable atlention in recent years (1-31). This subject is of
interest both because it relates to industrial catalytic processes such as ammonia synthesis (32), and
because ammonia is a prototypical example of a weak donor ligand that bonds 10 metal atoms both in
organometallic compounds (33-42) and on surfaces via the electron lone pair on the nitrogen atom. As
part of a continuing study of the chemistry of nitrogen-containing molecules on the hexagonally close-
packed Ru(001) surface (43-48), we report here the results of a high-resolution electron energy loss

spectroscopic (EELS) investigation of ammonia adsorption on this surface.

The interaction of ammonia with Ru(001) has been the focus of several previous studies (18-
23). Danielson et al. (18) employed thermal desorpuon mass spectrometry (TDMS), Auger electron
spectroscopy, and low-energy electron diffraction (LEED) to study this system, and concluded that for
adsorption temperatures below 300 K the chemisorbed ammonia desorbed complelely reversibly, with
negligible dissociation occurring upon annealing. Dissociation could be induced only by electron beam
bombardment of the adsorbed ammonia, or by exposing the surface to large fluences of ammonia with
the surface temperature maintained above 300 K. Benndorf and Madey (21) used LEED, TDMS, elec-
ron stimulated desorption ion angular distribution (ESDIAD) measurements, and work funcuon change
(A¢) measurements to study ammonia adsorption on Ru(001), and also concluded that for low adsorp-
ton temperatures (approximately 80 K) ammonia adsorption is completely reversible. They showed
that large ammonia exposures at 80 K lead to ammonia desorption over a broad temperature range, with
monolayer desorption between approximately 150 and 350 K (and displaying weak maxima near 180
and 270 K), desorption of second-layer ammonia at 140 K, and multilayer desorption in a sharp peak at
115 K. Both ESDIAD and A¢ measurements supported the expected model of bonding for monolayer
ammonia, namely via the lone pair of electrons on the r;itmgen atom. The saturation monolayer cover-
age of chemisorbed ammonia was estimated to be approximately 0.25 monolayer (or 3.9 x 10
molecules-cm™2) based primarily on LEED data and in analogy to previous studies of ammonia adsorp-

uon on Pi(111) (5) and Ni(110) (11). It was also suggested that ammonia adsorbs in threefold hollow
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sites on this surface.

Electron energy loss spectroscopy has been used previously to study ammonia adsorption on
Pi(111) (3), Ni(111) (9), Ni(110) (9). Ag(110) (1), Ag(311) (2) and Fe (110) (28). In all cases,
ammonia adsorbs molecularly at low temperatures (approximately 80-120 K) and only on Fe(110) (28)
and Ni(110) (11) does significant dissociation occur as the surface is annealed. The EEL spectra of
ammonia adsorbed in the monolayer are dominated in most cases by a strong loss feature occurring
between approximately 1050 and 1170 cm™, which is due to the NH; symmetric deformation mode.
Considerably weaker loss features occur in the frequency ranges of 1580-1650, 3200-3320 and 3340-
3400 cm™!, which are due, respectively, 10 the NH; asymmetric (degenerate) deformation, symmetric
stretch and asymmetric (degenerate) streich. The characteristic frequency ranges for the NH; rocking
mode and the frustrated translauon of the ammonia perpendicular to the surface (i.e. the metal-nitrogen
stretch, v(M-NH,) = T,) are much less certain, however. The NH, rocking mode has not been
identified previously for chemisorbed ammonia on any metal surface, although a frequency of 720 cm™
has been reporied for second-layer ammonia on P1(111) (3). The v(M-NH,) mode has been identified
on only three of the metal surfaces studied, and there is a large variation in the reported values: 340
cm™' on Fe(110) (28), 470 cm™ on Ag(311) (2) and 570 cm™ on Ni(110) (9). It was partly in the hope
of idenufying these latler two modes clearly that we undertook this study of ammonia on Ru(001). As
in several of the previous studies, we have measured EEL spectra of both NH; and ND, in order to
confirm our mode assignments. Several of the earlier studies have also characterized second-layer and
mululayer ammonia vibrationally. As might be expected, the formation of a second-layer, molecularly
adsorbed state (desorbing between 120 and 160 K) and of a multilayer state (desorbing between 110
and 120 K) appears to be a general feature of ammonia adsorption on these metal surfaces, and both the

second-layers and the multilayers show some common EEL features on all surfaces on which they have
been studied.
IO. Experimental Details

The EEL spectromeler used in this study, and the UHV chamber housing it, have been described

in detail elsewhere (49). The spectrometer employs 180° hemispheres as the energy dispersing
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elements in both the monochromator and the analyzer. The analyzer is rotatable within the scattering
plane to allow off-specular EEL spectra to be measured. Typical parameters used in obuaining the EEL
spectra presented here were the following: energy of the electron beam incident on the surface, 4 eV;
resolution (full-width at half-maximum of the elastically scattered beam), SO-85 cm™}; count rate in the
elastic peak, 1-3 x 10° counts per second; and (fixed) angle of incidence of the electron beam, approxi-
mately 60° with respect to the surface normal. All EEL spectra were collected in the specular direc-
tion, except as noted. All EEL spectra were recorded with the surface at a temperature of 80-100 K,

after annealing to indicated temperatures.

The stainless steel UHV chamber was pumped by a 220 I-s™' Varian noble vacion pump and a
titanium sublimation pump. Typical working pressures during experiments were in the range of 1-3 x
107'% Torr. The Ru(001) crystal could be cooled to 80 K using liquid nitrogen, and could be heated
resistively to temperatures exceeding 1600 K. Afier each experiment, the surface was heated to 1000 K
prior to the next exposure in order 10 desorb any trace amounts of atomic nitrogen (50) that might be
formed as the result of ammonia decomposition at defects or the cracking of ammonia on hot filaments,
as well as any residual hydrogen (51) and carbon monoxide (52) ;dsorbed from the chamber back-
ground. Penodic, extensive cleaning of the surface was accomplished both by argon ion sputtering and
annealing the crystal in a background of oxygen. Surface cleanliness was verified by EELS, and by H,

(51) and CO (52) thermal desorption spectra that are characteristic of the clean surface.

The UHV chamber also contains a quadrupole mass spectrometer for performing TDMS experi-
ments, and for the analysis both of background gases and of the purity of the ammonia that was admit-
led into the chamber. The thermal desorption measurements performed in connection with this work
were obtained with a heating rate of approximately 8 K-s™!. The NH, used in these studies was
obtained from Matheson (99.99% reponed purity) and was purified by several freeze-pump-thaw cycles.
The NH, exposures were performed by backfilling the UHV chamber through a leak valve, and the pur-
ity of the NH; was verified in situ using mass spectromery. The ND,; was obtained from MSD Iso-
topes (99 atom % D). Due w H/D exchange of the deuterated ammonia either on the walls of the UHV

chamber or in the stainless steel leak lines, ND, could not be admitied into the chamber cleanly through
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a Jeak valve and was therefore admitted inwo the chamber via a directional beam doser consisung of a
microcapillary array. The purity of the ND; adsorbed on the surface was best monitored by comparing
the integraled intensities of the ND and NH stretching vibrations measured in subsequent EEL spectra.

All exposures were effected at a surface temperature of 80 K, except as noted.

III. Results
A. Thermal Desorption Mass Spectrometry

Since a detailed study of the thermal desorption of ammonia from Ru(001) has already been car-
ried out (21), this subject was investigated only briefly, primarily to determine the appropriate ammonia
exposures and annealing temperatures 10 obtain EEL spectra characteristic of multilayer, second-layer
and (various coverages of) monolayer ammonia. In reasonable agreement with the previous results, we
detect the desorption of second-layer ammonia at 130 K for exposures in excess of approximately 1 L
(1 L =1 Langmuir = 107 Torr-s), and the desorption of multilayer ammonia at 115 K for exposures
exceeding approximately 2 L. While the two monolayer desorption maxima were not wcllrrcsolved
using (-)ur apparatus, our EELS results (cf. Sect. ITI.B) indicated that monolayer ammonia desorbed

between approximately 150 and 350 K. This is also in good agreement with the previous results.

The possibility that some of the ammonia dissociates rather than desorbs as the surface is
annealed was investigated briefly using H, thermal desorption. The H, thermal desorption spectra that
were measured following saturation ammonia exposures were compared to those obtained following
saturaton hydrogen exposures on Ru(001). This allowed the maximum possible amount of ammonia
that dissociates o be estimated by using the known satration coverage of hydrogen adau.ams (approxi-
mately 0.85 monolayer) on Ru(001) (51). The amount of hydrogen adatoms that desorbed was never
greater than 0.03 monolayer, which corresponds at most 1o 0.01 monolayer of NH;. This could
correspond o the decomposition of a small amount of ammonia at defect sites. However, such a small
amount of hydrogen desorption could also result from the adsorption of hydrogen from the residual gas
or from a small hydrogen impurity in the ammonia sample. Thus, we are in complete agreement with

the previous conclusion (18,21) that ammonia decomposition is negligible on Ru(001) following

ammonia adsorption at 80-100 K.
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B. Electron Energy Loss Spectroscopy

Electron energy loss spectra for several coverages of ammonia on Ru(001) at 80-90 K are shown
in Fig. 1. The exposures involved correspond Lo submonolayer coverages; no second-layer or multilayer
ammonia is present in any of these spectra with the exception of spectrum (d), where a very small
amount of second-layer ammonia is probably present. Following a 0.1 L ammonia exposure, only a
single loss feature is resolved at 1155 cm™. For larger ammonia exposures, this loss feature shifts
downward in frequency, reaching approximately 1085 cm™ following a 1 L exposure. It is by far the
mosl intense loss feature for all submonolayer coverages, and is identified easily as being due to
8,(NH;), the symmetric deformation mode of molecularly adsorbed ammonia. At all coverages, it is
strongly upshifted in frequency from its gas phase value of 950 cm™ (53). Following a 0.5 L exposure,
a second loss feature is observed at 3265 cm™ due to the (unresolved) symmetric and asymmetric NH,
stretiching modes. Increasing the exposure to 0.7 L allows these two modes to be resolved at 3270 and
3370 cm™, respectively, and another loss feature becomes apparent at 1560 cm™ which is assigned as
the asymmeuc deformation mode of ammonia, §,(NH;). Following a 1 L exposure all of these loss
features are again rcsé]ved. and a very weak loss feature appears at 2145 cm™ which is assigned as the
overtone of the NH, symmetric deformation. Another loss feature appears at 330 cm™. While this
feature may derive some intensity from the very weak frustrated translational mode (normal to the sur-
face) of thc chemisorbed ammonia (cf. Fig. 3), it is most likely due primarily to the presence of a very
small amount of second-layer ammonia, which exhibils an intense loss feature due to a libratonal mode
at 360 cm™ (cf. Fig. 6 and Table IT). The vibrational frequencies of chemisorbed ammonia on Ru(001)
are summarized in Table I, and compared to those of gas phase ammonia (53), and of am.monia chem-
isorbed on several other single crystalline metal surfaces. (Information is also included in this table that
is derived from off-specular data, cf. Fig. 3.) It should be noted that while the weak loss features due
10 §,(NH,), v,(NH,) and v,(NH,) occasionally were found 1o have frequencies differing by as much as
+40 cm™ from the average values listed in Table I, they showed no consisient frequency shifts as a
function of coverage. Although such shifts would be difficult o detect due to the low intensities of

these loss features, all of these features could usually be detected in off-specular spectra following
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exposures as low as 0.5 L.

A typical EEL spectrum of a saturated monolayer of ND; on Ru(001) is shown in Fig. 2. The
surface was prepared by exposing the Ru(001) crystal at 100 K 1o approximately 30 L ND,, followed
by annealing to 150 K to remove multilayer and second-layer ND;. The intense §,(NDi) mode occurs
at 835 cm™. As in the case of §,(NHa), the frequency of this mode was found to shift up with decreas-
ing coverage, and it occurred near 910 cm™ in the low coverage limit The §,(ND,), v,(ND,) and
v,(ND;) modes occur at frequencies of 1165, 2335 and 2515 cm™, respectively. The frequencies of
these modes are also listed in Table I, and the observed frequency shifts upon deuteration clearly sup-
port the assignments. A very weak loss feature is observed at 1455 cm™ in Fig. 2. A similar loss
feature was observed in the EEL spectrum of second-layer ND; on Pi(111) and was auributed 1o
8,(ND,H) of a small ND,H impurity (3). The slight asymmetry on the high energy side of the §,(ND,)
loss feature could also be due to the presence of a small amount of ND,H. The weak loss feature at

2930 cm™! is most likely due to v(CH) of a small hydrocarbon impurity (54).

Off-specular EEL spectra of both NH, and ND; allowed two additional loss features to be
resolved clearly in the low-frequency region. Figure 3 shows EEL spectra of nearly saturated mono-
layers of (a) NH; and (b) ND; obtained with the analyzer rotated approximately 5° off-specular
(lowards the surface normal). In addition o the loss features observed in specular EEL spectra, Fig.
3(a) shows features at 625 and 340 cm™, and Fig. 3(b) shows features at 480 and 350 cm™'. Based on
the observed frequency shifts and a comparison to vibrauonal dawa for metal-amine compounds (cf.
Sect. IV.A), the loss feature at 625(480) cm™ is assigned 1o the NH3(ND;) rocking mode, p(NH,), and
the loss feature at 340(350) cm™ is assigned to the frustrated translation of the ammonia .perpcndicular
10 the surface, V(Ru-NH,;). Both of these modes are absent in gas phase ammonia, where the "rock”
corresponds to a free rotation and the "frustrated translation” to a free translation of the molecule. The
low intensity of the v(Ru-NH,) mode is consistent with previous results for ammonia adsorption on
hexagonally close-packed metal surfaces, in which no metal-nitrogen stretching mode was resolved

-(3,9). Due 1o the low intensities of the p(NH,) and v(Ru-NH,) loss features, it is impossible to say

whether or not these modes undergo frequency shifts as a function of coverage. Note that in the off-
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specular EEL spectra presented here the §,(NH;) [8,(ND;)] loss feature has decreased greatly in inten-

sity relative 1o the other loss features of chemisorbed ammonia. This indicates that this mode is
strongly dipole-enhanced in specular EEL spectra, while the remaining modes of chemisorbed ammonia
are primarily impact excited (55). It should be noted that the p(NH;) mode was occasionally observed
as a very weak shoulder in specular EEL spectra, near 650 cm™ for NH; and near 500 cm™ for ND,.

Indeed, such shoulders are barely visible in Figs. 1(d) and 2, but the frequency cannot be assigned accu-

rately based on these spectra.

Figure 4 shows the variation in the frequency of the symmetric deformation mode of ammonia
adsorbed on Ru(001) at 80 K as a function of the ammonia exposure. The exposure of 1 L corresponds
10 the coverage where the second-layer thermal desorption feature just begins to appear. However, this
coverage does not correspond to monolayer saturation because the second layer begins to form before
the monolayer is saturated (21); it is estimated that this exposure corresponds to approximately 80% of
monolayer saturation or an absolute coverage of approximately 0.2 (56). Note that the assumption of a
constant probability of adsorption, in agreement with the results of Benndorf and Madey (21) and as
expected for NH, at 80 K given that ammonia multilayers condense at this temperature, means that the
coverages are directly proportional to the ammonia exposure. The frequency of the §,(NH;) mode
decreases monotonically with increasing coverage, from approximately 1155 cm™ following a 0.1 L
NH; exposure to approximately 1085 cm™ following a 1.0 L NH; exposure. The frequency decrease is
very nearly linear with coverage, although there may be a slight decrease in the absolute value of the
slope at high coverages. A linear least-squares fit to the data yields

5,(NH,) = —69.6¢ + 1157 , m

where §,(NH,) is the frequency of the NH, symmetric deformation mode in cm™, and € is the exposure
in Langmuirs.

Figure 5 shows the variation with annealing temperature of the frequency of the symmetric defor-
mation mode of ammonia adsorbed on Ru(001) for a number of different ammonia exposures at 80 K.
Following all exposures, the surface was annealed first to 150 K to be cerain that only monolayer

ammonia was present. It may be seen by comparison to Fig. 4 that annealing from 80 to 150 K gen-
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erally did not change the frequency of §,(NH;) by more than 10 cm™' for exposures of 1 L or less. Fol-

lowing a 0.1 L ammonia exposure, the frequency of §,(NHj) is nearly constant at 1150-1160 cm™!
regardless of annealing temperature. This is consistent with the fact that the coverage is not changing
for annealing temperatures beiween 80 and 300 K: for such a low exposure (i.c. coverage) the
ammonia desorbs only in a single peak near 315 K (21). On the other hand, the exposures of 2.0 and
8.0 L correspond to exposures well in excess of monolayer saturation, and annealing the surface to 150
K in each case produces a saturated monolayer of ammonia. Thus the measured frequencies in these
two cases should be the same for annealing temperatures of 150 K and greater, and this is found to be
true within experimental error (=10 cm™). The measured frequencies increase markedly as the surface
is annealed from 150 10 230 and 300 K, because for a saturaied monolayer of ammonia, significant
molecular desorpton occurs in these temperature ranges (21). This results in a decrease in the coverage
and thus an increase in the symmetric deformation frequency, as would be expected from an inspection
of Fig. 4. For inital exposures of 0.5 and 1.0 L, the measured frequencies for any given annealing
temperature fall berween those obtained following 0.1 L or saturation exposures, and also increase
(though less dramatically than for saturation exposures) with increésing annealing temperature. These
results are all consisient with the §,(NH,) frequency being a function of ammonia coverage only; the
annealing temperature appears o have no effect other than o change the coverage. It should be noted
that the two data points obtained following annealing w0 350 K correspond to trivial amounts (<0.01
monolayer) of ammonia readsorbed from the chamber background, since the thermal desorption of
ammonia from Ru(001) is complete between 300 and 350 K. The §,(NH,) frequency of 1160 cm™ thus

corresponds 10 the zero-coverage limit for ammonia on Ru(001), in agreement with the data of Fig. 4

and Eq. (1).

Electron energy loss spectra of second-layer NH; and ND; on Ru(001) are shown in Fig. 6, and
the observed frequencies are compared w0 those of second-layer ammonia on other metal surfaces in
Table II. The EEL spectra were oblained after the Ru(001) surface at 85 K was exposed to large
fluences of NH; and NDs, followed by annealing to 120 K 1o remove multilayer ammonia. The loss

features due to §,(NH;), §,(NHa), v,(NH;) and v,(NH,) are assigned easily as for monolayer ammonia.
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The 8,(NH,) loss feature of second-layer NH; at 1145 cm™ shows a pronounced shoulder at 1070 cm™!,

which is due w0 the parually screened §,(NH,) loss feature of monolayer NH,. The corresponding
shoulder in the case of ND; is not so well resolved because the peak frequencies are closer together
(i.e. approximately 50 rather than 75 cm™ splitting). The spectrum of NH; (ND,) contains an intense
mode at 360 (280) cm™ assigned to the NH, twisting mode T(NH,) (equivalent to the frustrated libra-
tional mode R,,). Note that this mode is not observed for monolayer ammonia because in that case it
corresponds 10 a free rotation about the ruthenium-nitrogen bond. Evidence for this free rotation in the
monolaver has been obuined from ESDIAD data (21). This rotaton is hindered in the second layer
due to hydrogen Bonding of the second-layer ammonia molecules to the monolayer ammonia. The EEL
spectrum of Fig. 6(a) also shows loss features at 545 and 225 cm™ which we tentatively assign, respec-
tively, w0 the NH; rocking mode and frustraled translation (perpendicular to the surface) T, of the
second-layer ammonia. The coresponding loss features are not well resolved in the case of ND, due to
overlap with the T(ND;) loss feature at 280 cm™. Both spectra of Fig. 6 show a weak loss feature near
1400 cm™, the identity of which is uncerain. As stated previously, a similar loss feature has been
auributed 1o 8,(ND;H) of an ND,H impurity in the case of second-layer ND; on Pi(111) (3). In the
case of NH,, the 1415 cm™ loss feature is probably a combination band (i.e. 360 + 1070 and/or 1145)
(1,3,28). We can think of no impunty that would give rise to a loss feature in this frequency range;

8(H,0) of water occurs al the considerably higher frequency of 1560 cm™ (57).

Figure 7 shows EEL spectra of (a) NH; and (b) ND. multilayers on Ru(001), and the vibrational
frequencies and their assignments are listed in Table ITI along with data for solid ammonia and for NH;
multilayers on other metal surfaces. Both of the EEL spectra in Fig. 7 were measured following
ammonia exposures of approximately 30 L. The loss features due to the v,(NH,), v,(NH,), §,(NH3) and
8,(NH;) modes are again assigned in a straightforward manner. Both spectra also show a weak loss
feature due to the §,(NH;) overtone/double loss. A strong loss feature at 200 cm™ in both cases
corresponds 1o an ammonia lattice mode (i.e. a frustrated translation of the ammonia molecules within
the multilayers). Two strong librational modes are observed, one at 540 (420) cm™ and the other a

shoulder at 460 (350) cm™. These frequencies are somewhat higher than those reported previously for
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both ammonia multilayers and solid ammonia (58), although we note that the frequencies were lower if
only a few layers of ammonia were present (e.g. approximately 370 and 450 cm™ following an 8 L
NH; exposure). Both spectra show low intensity tails on the high energy side of the v,(NH,) loss
features, the origins of which are not entrely clear, although they may be due to combination bands of
v,(NHj) [v,(ND5)] and the librational and/or frusirated translational modes. The peak at 3370 cm™ in
the ND, multilayer spectrum is due primarily to the combinaton band §,(NDsy) + v,(ND,), although
v(NH) modes due to contamination of the ND; sample may also contribute to its intensity. A loss
feature of similar intensity was observed at 4480 cm™ in NH, multilayer spectra that were scanned to

higher loss energy, and this peak is assigned as §,(NH,) + v,(NH3).

IV. Discussion
A. Comparison to Ammonia on Other Metal Surfaces and in Coordination Compounds

The EEL spectra that have been obtained for ammonia adsorbed on Ru(001) show strong similari-
ues to those obtained when ammonia is adsorbed on other hexagonally close-packed metal surfaces [i.e.
P1(111) (3) and Ni¢111) (9)], and on the pseudo-close-packed Fe(110) surface (28). On the more highly
corrugated surfaces, the EELS data currendy available do not provide a consistent picture. On Ag(110)
(1), the EEL spectra of adsorbed ammonia are very similar to the spectra obt‘ained for ammonia on the
more densely-packed surfaces, with the 8,(NH,) loss feature at 1050 cm™ being by far the most intense
feature in the entire spectrum. The EEL spectra of ammonia adsorbed on Ag(311) are also similar,
although in this case a mode of moderate intensity was observed at 470 cm™ that was assigned as
V(Ag-NH,) (2). The EEL spectra of ammonia on Ni(110) are surprisingly different, with §,(NH,),
8,(NH;) and v,(NH,) loss features of comparable intensity and an additional strong mode at 570 cm™
that was assigned as v(Ni-NH,) (9). However, this mode assignment does not appear to have been
verified by obtaining EEL spectra of chemisorbed ND; on this surface. Despite the lack of a consistent
pattern of mode intensities on the highly-corrugated surfaces, the mode frequencies of §,(NHs), §,(NH,),
v,(NH;) and v,(NH,) are quile similar on all of the metal surfaces where ammonia chemisorption has
been studied by EELS. This fact, along with the consisient pattern of mode intensities on Ru(001),

Pu(111), Ni(111), Fe(110) and Ag(110), suggests some useful comparisons to infrared data for metal
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compounds containing ammonia ligands.

Table IV provides a compilation of vibrational data for ammonia adsorbed on metal surfaces and
in four different classes of metal-ammonia compounds. The data for the metal compounds show some
interestng trends with regard to the charge (both formal and actual) on the metal atom. Note that the
"electron richness™ of the metal atoms in these compounds is expected 10 follow the order

M(NH;)3* > M(NH;3)3* > M(NH3)8" .
. The frequency of the §,(NHj3) mode is very charge sensitive and shifts upward with increasing charge
on the metal atom, having average values of 1158 cm™! in the M(NH3)#* compounds, 1333 cm™ in the
M(NH4)&* compounds and intermediate average values in the case of the M(NH#* compounds. The
changes observed in the frequency of this mode when the metal atom is changed and the charge held
constant are minor compared to those resulting from charge changes (59). The p(NHa.) and v(M-NH,)
modes are also charge sensitive and show marked upshifts in frequency in going from the M(NH;){™ to
the M(NH3)¢* metal compounds, although in these cases there is somewhat larger overlap between the
frequency ranges for these compounds and the M(NH;)2* compounds. The v,(NHj;) mode is slightly
charge sensitive, and shifts upward in frequency with decreasing charge on the metal atom. The

Vv,(NH;) and §,(NH3) modes are not sensitive 10 the oxidation state of the metal atom and show no con-

sistent frequency shifts.

Comparing the EELS data for ammonia on metal surfaces to the data for coordination compounds
reveals immediately that the §,(NH,) frequencies observed on surfaces are very similar to those
observed in the M(NH;)Z* compounds, although the average frequency of 1119 cm™ and the high and
low extremes are all 40-50 cm™! lower for the adsorbed ammonia. It is expected that the §,(NH,) fre-
quencies would be somewhat lower on metal surfaces, since the formal oxidauon state of the surface
metal atoms is zero. Thus, the observed frequencies of this mode for ammonia adsorbed on a number
of metal surfaces appear 10 correlate well with the IR data for coordination compounds. The same is
true in the case of the v,(NH,) mode, the average frequency of which is higher on surfaces than in the
coordination compounds. However, this is of only minor significance because this mode is only slightly

charge sensitive, and due 10 its low intensity and overlap with the v,(NH,) loss feature, its frequency on
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any given surface cannot be determined as accurately as that of §,(NH,).

The fact that the 8,(NH;) frequencies of chemisorbed ammonia are similar to those of M(NH3)Z*
compounds suggests that the frequencies of the other two vibrational modes that are strongly charge
sensitive, p(NH3) and v(M-NH,), might also be similar in these two cases. While very few data for
these two vibrational modes of chemisorbed ammonia are available, our results provide strong support
for this proposition. The measured p(NHa) frequency of 625 cm™ is well within the range of 592-769
cm™" reported for the M(NH3)Z* compounds, and is slightly lower than the average value of 656 cm™,
just as our measured average 8,(NH,) frequency of 1115 cm™ is slightly lower than the average value
of 1158 cm™ in these compounds. The p(NH,) frequencies of the M(NH;)¢* compounds are consider-

ably higher, ranging from 748 to 857 cm™.

In the case of v(M-NH3;), the available data for ammonia on metal surfaces present a more com-
plex picture, but our measured frequency of 340 cm™ is in good agreement with data for the M(NH;)2*
compounds and identical to the value reported for ammonia on the pseudo-close-packed Fe(110) surface
(28). The reported values of v(M—NH,) for Ag(311) (2) and Ni(110) (9) of 470 and 570 cm™, respec-
tively, are considerably higher and similar to those observed in the M(NH;)Z* compounds (462 to 527
cm™), even though the observed 3,(NH;) frequencies on both surfaces are very similar to those
observed on close-packed and pseudo-close-packed surfaces and in the M(NH;)Z* compounds. While
this difference is no doubt related in some way to the highly corrugated structures of the Ag(311) and
Ni(110) surfaces, its exact explanation is unclear. In general, however, the comparison of the vibra-
tional spectra of chemisorbed and coordinated ammonia appears promising, and also serves to point out
the importance of obtaining off-specular spectra when EELS is used to study ammonia chemisorption.

B. Origins of the Frequency Shift of §,(NH;): Correlation with Work Function Data

The pronounced charge sensitivity of the §,(NH;) frequency in coordination compounds also pro-
vides an explanation for the observed shift in the frequency of this mode as a function of coverage for
ammonia chemisorbed on Ru(001). The work function change of Ru(001) as a function of ammonia
coverage at 80 K has been studied by Benndorf and Madey (21), and the work function was found to

decrease monotonically by approximately 1.8 eV as the coverage is increased from zero to 0.25
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monolayer. The work function change is saturated only after a total ammonia coverage of approxi-
mately 0.6 monolayer, and the work function is then approximaleiAy 2.3 eV less than on the clean sur-
face. The decrease in the work function is initially linear with coverage, but it increases slightly less
rapidly with coverage above a coverage of approximately 0.15 to 0.20 monolayer, and much less
rapidly above 0.25 monolayer. The work function decrease resulis from a net transfer of electrons from
the ammonia to the ruthenium surface atoms, so that the "electron-richness™ of these surface aloms is
increased as the coverage increases. The decreased "charge”™ on the metal atoms then leads w0 a lower

§,(NH.) frequency, just as in the coordination compounds of Table IV.

The magnitude of this "charge”, or the number of electrons donated to Ac.ach surface metal atom
by the ammonia adlayer for a given ammonia coverage, can be estimated approximately using the
surface-ammonia dipole moment of 1.9 D calculated by Benndorf and Madey (21), and assuming a
surface-niﬁ'ogen bond distance of 2.15 A (60). This suggests that approximately 0.18 electron is
transferred to the surface per adsorbed ammonia molecule. While the dipole moment of 1.9 D was
based on the slope of the work function change vs. ammonia coverage curve in the limit of zero cover-
age, the curve is only slighuly nonlinear below a coverage of 0.25, and a large part of this nonlinearity
1s probably due to the fact that some adsorption into the second layer occurs before the monolayer is
completely saturated (21). Our results showing that the frequency of §,(NH;) decreases nearly linearly
with coverage up to at least a coverage of approximately 80% of monolayer saturation supports this
point of view, and it is therefore reasonable to assume this same dipole moment for each adsorbed
ammonia molecule up to monolayer saturation. Thus, for a saturaion monolayer ammonia coverage of

0.25, an average of approximately 0.045 electron is transferred to each surface ruthenium atom from the

ammonia adlayer.

This interpretation of the frequency shift of 8,(NH,) has several impornant implications regarding
ammonia chemisorption on Ru(001) and other metal surfaces. First, it suggests that this downshift
should occur as the am;nonia coverage is increased on all metal surfaces, and that the magnitude of the
shift should scale approximately with the amount of charge transfer characteristic of ammonia adsorp-

ton. This hypothesis cannot yet be tested fully due to a lack of experimental data, but it is interesting
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to note that on Fe(110) a comparable work function decrease (approximately 2 eV) (26) and frequency
shift (fram 1170 to 1105 cm™) (28) have been found. The Py(111) surface exhib-ils a work function
decrease of approximately 2.7 eV when a monolayer saturation coverage of ammonia is adsorbed (5).
While the published EEL spectra for monolayer ammonia on this surface show §,(NH;) frequencies
varying from at Jeast 1170 to 1090 cm™ (3), it is not clear whether there is a monotonic shift as a func-
tion of coverage. It must also be pointed out that a series of EEL spectra for various ammonia cover-
ages on Ag(311) show no apparent shift in the frequency of this mode (2). Work function data are not
available for this surface. This interpretation suggests also that the §,(NH,) frequency of ammonia
chemisorbed oﬁ Ru(001) should be increased by the presence of electronegative adaloms such as oxy-
gen, and decreased by the presence of electropositive adatoms such as alkali metals. In the case of

oxygen, however, the effects of hydrogen bonding will complicate the analysis (23).

Finally, we note that frequency shifts as a function of ammonia coverage might also be expected
for the p(NH;) and v(Ru-NH;) modes of ammonia chemisorbed on Ru(001), since these modes are also
charge-sensitive for ammonia in coordination compounds. We cannot address this question unambigu-
ously because the loss features due to these modes are below our limit of detectability for ammonia
coverages less than approximately half of monolayer saturation. In addiuon, these low frequency
modes are likely to be more affecied than the §,(NH;) mode by such effects as tiling of the ammonia

at high coverages, a phenomenon which has been proposed to occur based on ESDIAD results (21).

C. Adsorption Site of NH, on Ru(001)

The adsorption site(s) of ammonia on metal surfaces has been the subject of some disagreement
in the literature. Based on indirect evidence obtained using a variety of experimental techniques, it has
been suggested that ammonia adsorbs with the nitrogen atom in threefold hollow sites on Ru(001) (21),
Py(111) (3), Ir(111) (17) and Ni(111) (9), and with the nitrogen atom in the long bridging sites on the
pseudo-close-packed Fe(110) surface (26). On the other hand, the on-top site was favored for ammonia
adsorption on Al(111) (31), and calculations for ammonia adsorption on Al(111) (61) and Cu(111) (62)
support this model, showing the interaction between the nirogen lone pair and the threefold hollow

sites to be repulsive. The great similarities among the EEL spectra of ammonia chemisorbed on
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Ru(001), Pr(111) (3), Ni(111) (9), Fe(110) (28) and Ag(110) (1) suggest (but do not prove) that a com-

mon adsorpuon site is occupied on all of these surfaces.

For several reasons, we prefer the on-top site as the bonding site of chemisorbed ammonia on
Ru(001). The primary reason is that the vibrational frequencies of adsorbed ammonia agree so well
with those of ammonia ligands in hexamine compounds, which are "on-top” by definition. We would
expect that the frequencies of p(NH,) and especially v(Ru-NH;) would be substantially different if
bonding occurred in threefold hollow or twofold bridge sites. This hypothesis cannot be tested because
there is no example known 10 us in metal cluster chemisiry of an ammonia ligand that occupies a three-
fold hollow or rtwofold bridging site, or any site other than an on-1op site (63). The same is true of the
closely-related phosphine (PR;) ligands. In fact, to our knowledge, NH;, NH,(NR,) and NH(NR)

ligands occupy only on-top, twofold bridging and threefold hollow sites, respectively, in organometallic

compounds (63).

We note also that the Fe(110) surface contains no true threefold hollow sites, although it is possi-
ble that the pseudo-threefold sites on this surface might be sufficiendy similar 1o true threefold sites to
give nise to vintually identical EEL spectra for an adsorbed species. All of these arguments support the
intuitive expectation that a strong o-electron donor such as ammonia should adsorb on the most electron
deficient site on these surfaces, namely, the on-wop site (62). While none of these points taken alone is
compelling. we believe that together they provide considerable support for on-top bonding. Hopefully,

additional data for ammonia adsorption on surfaces and (especially) in metal clusters will clarify this

issue.
D. Second-Layer and Multilayer Ammonia

As pointed out in Sect. IIL.B, the EELS spectra of second-layer ammonia on Ru(001) show strong
similarities to those obtained on other metal surfaces. Most notably, the strong T(NH3) loss feature at
350 ecm™ is very similar both in frequency and intensity to the corresponding loss features on Pi(111)
(3), Ag(110) (1) and Ni(110) (9). Surprisingly, the corresponding loss feature on Ag(311) (2) was
observed at the substantially lower frequency of 260 cm™. Nevertheless, it appears that a strong

T(NH,) loss feature near 350 cm™ is characteristic of second-layer ammonia on most surfaces and may
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be used as a vibrational fingerprint for the second layer. Note that the librational modes reporied 1o
date for multilayer ammonia [cf. Table IIT] occur at frequencies greater than 400 cm™. The intensity of
the T(NH,) loss feature, and the fact that it is swongly attenuated in off-specular EEL spectra indicate
that it is dipole-enhanced and thus belongs to a totally symmetric representation of the surface/second-
layer ammonia complex. This suggests that at least some of the second-layer ammonia is adsorbed
with the molecular axis nlted significantly with respect 1o the surface normal. This is in agreement
with the ESDIAD results of Benndorf and Madey (21), who observed normal emission of H™ for
second-layer but not monolayer ammonia, and interpreted this in terms of a tilting of the molecules

within the second layer.

We note also that our p(NH,) frequency of second-layer ammonia of 545 cm™ is substantially
lower in frequency than that of 720 cm™ reported for second-layer ammonia on Pi(111) (3). The
corresponding loss feature in the case of second-layer ND; on P1(111) occurred at 570 cm™ (3). In our
study, the corresponding mode in the case of ND; was not resolved unambiguously, although in some
EEL spectra of second-layer ND, a shoulder was observed at approximately 450 cm™. For both of

these reasons, and because this mode has not been identified in EEL spectra of second-layer ammonia

on other metal surfaces, our assignment should be regarded as tentative.

The vibrational frequencies of muluilayer NH; and ND; on Ru(001) are in reasonably good agree-
ment with those of solid ammonia, although the frustrated translational and librational modes occur at
slighdy higher frequencies. We emphasize that even though all ammonia layers above the second are
indistinguishable in thermal desorption spectra, quite large ammonia exposures were necessary in order
10 obtain an EEL spectrum of tue ammonia multilayers, i.e. a spectrum that showed no changes with
increasing exposure of the surface to ammonia at 85 K. The main changes for lower exposures were in
the frequencies of the librational modes, which shifited upward with increasing exposure until a total
exposure of 15-20 L was reached. This would comrespond, very approximately, to 15 “layers” of
ammonia. It is possible that some of the previously reported librational frequencies of ammonia mul-
tilayers on metal surfaces would have been upshified further if the exposures had been increased, and

the fact that the observed librational frequencies of multilayer ammonia are in all cases higher than



200.

those of the strong librational mode of second-layer ammonia is consistant with our results.

V. Conclusions

High-resolution electron energy loss spectroscopy has been used o study the interaction of
ammonia with the Ru(001) surface. The results are generally in agreement with those of previous sw-
dies of the ammonia/Ru(001) system utilizing other experimental techniques. In particular, we find no
significant decomposition of ammonia following exposures to the Ru(001) surface at 80-100 K, and our
EEL spectra support the desorption temperatures for multilayer, second-layer and mon;)layer ammonia

that have been reported previously. The principal new conclusions that may be drawn from the EELS

results are the following:

1. Monolayer ammonia on Ru(001) exhibits EEL spectra with §,(NH,), §,(NH,), v,(NH;) and
v,(NHj) frequencies very similar to those of ammonia chemisorbed on other close-packed and
pseudo-close-packed metal surfaces. In addition, the NH, rocking mode and the frustrated
ranslational mode of the ammonia perpendicular to the surface are observed in off-specular
EEL spectra and occur at frequencies of approximately 625 and 340 cm™, respectively. The
p(INH;) mode has not been identified previously for chemisorbed ammonia, and the v(metal-
NH;) mode has been identified only rarely. These results indicate the importance of obtaining

- off-specular spectra in EELS studies of chemisorbed ammonia.

2. The vibrational spectra of ammonia chemisorbed on Ru(001) and other metal surfaces of simi-
lar geometry are very similar to those of hexamine 2+ compounds, M(NH;)}*’. and agree
much less well with those of M(NH3)&* and M(NH,)Z* compounds, regardless of the type of
metal alom and counter ions in the complexes. Thus, both on surfaces and in coordination
compounds, the real (not formal) "oxidation state” of the metal is of paramount importance in

determining the vibrational frequencies of coordinaled ammonia.

3. The intense §,(NH;) mode of chemisorbed NH; on Ru(001) shifts down continuously and
essentially linearly with increasing coverage, from 1160 cm™ in the low coverage limit to

1070 cm™ at monolayer saturation. This parallels the downshift of the frequency of this
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mode in coordination compounds as the charge on the metal atom decreases. This change can
be correlated with the large decrease (~1.8 eV) in the work function of the Ru(001) surface
that occurs as ammonia is adsorbed (21), making the surface atoms, in effect, more "nega-
tively charged".

4, The EELS results, and the organometallic literature concerning NH; ligands, are more con-

sistent with chemisorbed NH; bonding in on-top sites, rather than in threefold sites.

5. The vibrau'ona! characteristics of second-layer and multilayer ammonia on Ru(001) are gen-
erally quite similar to those of second-layer and multilayer ammonia on other metal surfaces.
The intense T(NH,) loss feature near 350 cm™ appears to be a general feature of second-layer
ammonia on most metal surfaces. The fact that this mode is dipolar in nature suggests a tilt-
ing of the molecular axis of the second-layer ammonia away from the surface normal, con-
sistent with previous ESDIAD results (21). While all layers above the second are indistin-
guishable in thermal desorption spectra, substantially larger coverages (i.e. approximately 15
"layers") of condensed ammonia are necessary to obtain a multilayer EEL spectrum which

does not change when additional exposures are made.
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Table I.  Vibratonal frequencies (in cm™) and mode assignments for gas phase ammonia, and for

chemisorbed ammonia on several metal surfaces.

Ru(001)
NHy(g) NDig NH; ND, Pylll) Ni(111) Ni(110) Fe(110)
Mode (53) (53) (this work) ) 9) 9) (28)
v,(NHj) 3414 2556 3370 2515 3340 3360 3350 3370
v,(NH3) 3337 2420 3260 2335 3240 3270 3200 3290
8,(NH,) 1628 1191 1580 1165 1600 1580 1580 1640
8,(NH3y) 950 747 1070- 835- 1140 1140 1120 1105-
1160 910 1170
p(NH3) - - 625°  480° n.o. n.o. n.o. n.o.
v(M-NH;) - - 340° 350° n.o. n.o. 570 340
Ag(110) Ag(3ll)
(¢} 2)
3390
-3410
3320
1640 1648
1050 1100
n.o. n.o.
n.o. 470

S = symmetric, a = asymmetric, n.o. = not observed.

“Generally observed only in off-specular EEL spectra.
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Table II. Vibrational frequencies (in cm™) and mode assignments for second-layer NH; and ND, on

Ru(001), and for second-layer NH; on several other metal surfaces.

Ru(001)

NH, ND, Pi(111) Ag(110) Ni(110) Ag(311)
Mode (this work) 3) 1) (£))] (2)
T(NH,)* 360 280 350 340 360 260
p(NH;) 545 n.ot 720 n.o. n.o. n.o.
5,(NH;) 1145 885 1190 1100 1110 1100
5,(NH») 1625 1190 1630 1630 1630 1650

v,(NH;) 3225 2340 3150 3320 3200
3410

v,(NH;) 3350 2505 3320 3390 3340
Ts 225 n.o. n.o. n.o. n.o. n.o.

§ = Symmeltric, a = asymmetric, n.0. = not observed.

“This mode is also referred to in the literature as R,, (= rotation about an axis normal to the surface),

or simply as v, (a "frustrated libration”), although the latter designation alone is ambiguous.

®In some EEL spectra, a shoulder was present at approximately 450 cm™ that might be assigned to

P(ND,).



Table II. Vibrational frequencies (in cm™') and mode assignments for solid ammonia, and for
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ammonia multilayers on several metal surfaces.

Solid Ammonia Ru(001) Pu(111) Ag(110) Ag(311)
NH, ND, NH, ND; NH, NH, NH,
Mode (58)° (58)° (this work) 3) (1) 2
v 138-184 132-174 200 200 n.o. 140 n.o.
v,© 325-386 242-312 460 350
410 400 430
v 412462 315406 540 420
5,(NH;) 1057-1080  815-836 1100 865 1120 1070 1150
5,0NHy 1630-1679  1183-1217 1640 1220 1640 1630 1570
v,(NH;) 3160-3330 2318-2336 3230 2380  n.o. 3320 n.o.
v,(NHy) 3370-3378 2505-2511 3380 2520 3320 3380 n.o.

S = symmetric, a = asymmetric, n.0. = not observed.

“ A range of values is given for each frequency of solid NH, and ND,, based on several IR and Raman
studies at temperatures ranging from 18 to 151 K. In some studies, more than one frequency was

observed due to crystal splitting.

by, = frustrated translation or lattice mode.

€v; = frustrated libration. Since there is some confusion over the assignments of these modes in the

literature, we do not attempt o assign them to specific librations.
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Table IV. Vibrational frequencies (in cm™) for various modes of ammonia adsorbed on Ru(001) and
other metal surfaces (1-3,9,28), and in various types of inorganic compounds (64). The first number
given in each case is the average frequency for the specific mode in a cernain type of compound, and is
followed in parentheses by the number of compounds that was used in calculating the average. Below

this, the range (low and high extremes) is listed for the same mode.

Other M(NH;)Z* M(NHy)Z*
Ru(001) Metal M(NH,)¥* MNH;)2?* tetrahedral square-planar
Mode (this work) Surfaces® (64)* (64)° (64)¢ (64)°
v,(NH,) 3370 3363(5) 3269(3) 3336(7) 3316(3) 3272(3)
3340- 3240- 3300- 3233. 3236-
3400 3310 3353 3354 3327
v,(NH3) 3260 3264(5) 3183(3) 3200(7) 3226(3) 3165(3)
3200- 3130- 3160- 3150- 3156~
3320 3250 3250 3267 3170
5,(NH,) 1580 1615(6) 1616(6) 1601(8) 1608(3) 1612(3)
1580- 1587- 1585- 1596- 1563-
1648 1630 1610 1617 1669
8,(NH;) 1115 1119(6Y 1333(6) 1158(8) 1227(3) 1298(3)
1070- 1050- 1290- 1091- 1176- 1279-
1160 1170 1368 1220 1253 1325
p(NH3) 625 Not 806(6) 656(8) 683(3) 807(3)
observed 748- 592- 670- 735-
previously 857 769 693 849
v(M-NH,) 340 Reported 488(6) 332(6) 409(3) 481(3)
(Ay) Values of 462- 298- 370- 420-
340,470, 527 370 432 524

570

$ = Ssymmetric, a = asymmetric, n.o. = not observed.

“Data are for Ag(110), Ag(311), P1(111), Ni(111), Ni(110) and Fe(110).

* Data are for M = Cr, Ru, Os, Co, Rh and Ir.

Daua are for M = Mg, Mn, Fe, Ru, Co, Ni, Zn and Cd.

“Data are for M = Co, Zn and Cd.

‘Data are for M = Pd, Pt and Cu.

/In the case of Fe(110), where &,(NH.) was reporied to shift in frequency as a function of coverage

(28), an average value was used as the characteristic frequency of chemisorbed ammonia.
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Figure Captions

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Figure 7.

The EEL spectra that result following several exposures of NH; to the Ru(001) surface at
80 K. (In the case of the 0.7 L exposure, the surface temperature was closer 1o 90 K, and

the elastic peak count rate was only 2 x 10).

The EEL spectrum that results after a Ru(001) surface with condensed multilayers of ND;

is annealed to 150 K. This spectrum is characteristic of monolayer ND,.

Off-specular EEL spectra of monolayer (a) NH; and (b) ND3 on Ru(001). Prior 1o spectral
collection, the surface was annealed 10 150 K to remove any second-layer ammonia.

The frequency of the §,(NH;) mode of chemisorbed ammonia on Ru(001) as a function of
ammonia coverage. The approximate coverages given are relative to the surface concentra-

tion of ruthenium atoms, which is 1.57 x 10'® cm™?, and they are based on the assumption

that the saturation (monolayer) ammonia coverage is 0.25.

The frequency of the §,(NH3) mode of chemisorbed ammonia on Ru(001) as a function of

annealing temperature for several initial exposures.

The EEL spectra that result when a Ru(001) surface with condensed multlayers of (a) NH;

and (b) ND; is anncaled o 120 K. These spectra are characieristic of second-layer

ammonia,

The EEL spectra of condensed mululayers of (a) NH; and (b) ND; on Ru(001). The expo-

sures were approximately 30 L at a surface temperature of 85 K.
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The chemistry of acetylene, formamide and ammonia on clean and chemically modified Ru(001)
surfaces has been studied using electron energy loss spectroscopy (EELS) and thermal desorption mass
spectrometry (TDMS). The decomposition mechanisms of acetylene and formamide have been investi-
gated on clean Ru(001), oxygen-precovered Ru(001) and hydrogen-precovered Ru(001), and whenever
possible analogies have been drawn to the organometallic cluster chemistry of these two molecules and
to the surface chemistry of closely-related molecules on the Ru(001) surface. Molecularly adsorbed
ammonia on Ru(001) has been characterized vibrationally, and a detailed comparison has been made

between chemisorbed ammonia on several metal surfaces and ammonia ligands in a number of metal

compounds.

The adsorption of acetylene on clean Ru(001) results in strong rehybridization of the molecule
from sp to nearly sp% the v(CC) frequency of 1135 cm™ for chemisorbed acetylene on Ru(001) is the
lowest that has been identified on any metal surface. The chemisorbed acetylene is stable to approxi-
mately 230-250 K, at which point it decomposes to yield ethylidyne (CCHj) and acetylide (CCH) as
stable surface intermediates. Both of these intermediates decompose in the temperature range of 350-
400 K, evolving hydrogen gas and leaving methylidyne (CH) and carbon on the surface. ‘ The methyli-
dyne decomposes between 500 and 700 K with further hydrogen evolution. There is no molecular
desorption of chemisorbed acetylene from Ru(001); the only thermal desorption product is hydrogen.
The preadsorption of a saturation coverage of hydrogen adatoms on Ru(001) leads to the formation and

desorption of a small amount of ethylene when acetylene is adsorbed, via an intermediate inferred 1o be

an n>*-CHCH, species.

The chemisorption and decomposition of acetylene on Ru(001)-p(2x2)-O and Ru(001)-p(1x2)-O
has been studied also. In contrast to ethylene, which is di-o-bonded on clean Ru(001) (1,2) but m-
bonded on Ru(001)-p(2x2)-O and Ru(001)-p(1x2)-O (3), the bonding of chemisorbed acetylene on the
oxygen-precovered surfaces is not altered significantly compared with its bonding on the clean surface.
This difference can be understood in terms of the higher energy of the antibonding m* orbital of
ethylene compared with the nt* orbitals of acetylene. This results, in the case of ethylene, in very little

metal-to-n* electron backdonation on the "electron-poor” oxygen-precovered surfaces, so that rehybridi-
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zation to sp® does not occur and the n-bonded ethylene species is formed. In the case of acetylene,
however, backdonation is facile on all three surfaces and in all cases nearly sp-hybridized acetylene
species are formed. In addition, it has been shown recently (4) that the chemisorbed acetylene on
Ru(001) acrually consists of a mixture of two different molecularly adsorbed species, one with a strong
v(CC) loss feature at 1135 cm™ and a second with a very weak v(CC) loss feature near 1250 cm™..
The preadsorption of oxyvgen on the surface favors the formation of the latter species relative to the
former, which is not formed at all on the oxygen-presaturated surface. Finally, the preadsorption of
oxygen inhibits acetylene adsorption significantly. The saturation coverages of chemisorbed acetylene
on clean Ru(001), Ru(001)-p(2x2)-O and Ru(001)-p(1x2)-O are approximately 0.39, 0.31 and 0.09,
respectively.

The decomposition of acetylene on Ru(001)-p(2x2)-O and Ru(001)-p(1x2)-O involves all of the
intermediates that have been identified on clean Ru(001), and on Ru(001)-p(2x2)-O substantial amounts
of an sp>-hybridized vinylidene (CCH,) species are formed. This species is not formed in the decompo-
sition of acetylene on clean Ru(001), but has been identified previously in the decomposition of

ethylene on Ru(001)-p(2x2)-0O (3).

The adsorption and decomposition of formamide has been studied on clean Ru(001), Ru(001)-
p(1x2)-O and hydrogen-saturated Ru(001). On clean Ru(001) at 80 K, the primary mode of formamide
adsorption involves CH bond cleavage and rehybridization of the carbonyl double bond to produce an
N%(C,0)-NH,CO species. This species decomposes at approximately 230-250 K, producing coadsorbed
CO, NH, NH,; and hydrogen adatoms. Decomposition of the NH species to nitrogen adatoms and addi-
tional hydrogen adatoms occurs between 350 and 400 K, and the thermal desorption products are CO
(=480 K), NH, (=315 K), H; (<420 K) and N; (-770 K). At high coverages at 80 K, some molecular
adsorption of formamide occurs also, and a competing, minority decomposition pathway occurs which
involves the formation of an 1!(N)-NCHO or 1!(N)-NHCHO species between approximately 300 and

350 K. For sufficiently high coverages, some molecular desorption occurs near 225 K.

On Ru(001)-p(1x2)-O, formamide is molecularly chemisorbed below approximately 265 K. Two

slightly different forms of the molecule exist above and below 225 K. The low-temperature form is
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n!(0)-NH,CHO, bonded to the surface via an electron lone pair on the formamide oxygen atom. The
high-temperature form is believed to be 12(N,0)-NH,CHO, bonded to the surface via electron lone pairs
on both the oxygen and nitrogen atoms. Annealing the surface to temperatures in the range of approxi-
mately 265400 K results in NH bond cleavage and the formation of a formate-like 1*(N,0)-NHCHO
species. This species is stable to approximately 420 K, at which point it decomposes, evolving CO and
H, and leaving only nitrogen adatoms on the Ru(001)-p(1x2)-O surface. The nitrogen adatoms recom-
bine and desorb as N, near 570 K, leaving the p(1x2)-O overlayer intact. For sufficiently high formam-
ide exposures, some molecular desorption occurs near 255 and 225 K. Following a saturation exposure,

only 0.05 monolayer of formamide decomposes on Ru(001)-p(1x2)-O, compared to 0.15 monolayer on

clean Ru(001).

The adsorption of formamide on hydrogen-presaturated Ru(001) at 80 K leads to the formation of
the same molecularly adsorbed species that is formed on Ru(001)-p(1x2)-O at 80 K, namely, 1'(O)-
NH,CHO. However, the subsequent chemistry that this species undergoes is quite different. It con-
verts, between approximately 150 and 200 K, to n%(C,0)-NH,CHO, with this latter species converting
to N%(C,0)-NH,CO by 250 K. The 1*(C,0)-NH,CO converts below 300 K to CO, NH and hydrogen
adatoms, which subsequently react and/or desorb as on clean Ru(001). Approximately 0.05 monolayer

of formamide decomposes following a saturation exposure on the hydrogen-presaturated surface.

It has been shown previously that the adsorption of ammonia on Ru(001) at 80 K leads only to
reversible desorption, with virtually no molecular dissociation occurring as the surface is heated (5,6).
The EEL spectra of chemisorbed NH,; and ND; on Ru(001) have been obtained, and while the results
are similar to those obtained for ammonia on other hexagonally close-packed metal surfaces (7,8),
some significant new results have been obtained. First, off-specular EEL spectra have allowed two nor-
mal modes of chemisorbed ammonia to be identified which have not been identified previously on
close-packed surfaces. These are v(M-NH,) at 340 cm™ and p(NH,) at 625 cm™, with the correspond-
ing modes of ND, occurring at approximately 350 and 480 cm™, respectively. The identification of
these modes allows a more detailed comparison between chemisorbed ammonia and ammonia in metal

clusters to be made, and shows the importance of obtaining off-specular spectra when EELS is used to
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study ammonia chemisorption. Second, it has been shown that the frequency of the §,(NH,) loss
feature of ammonia on Ru(001) undergoes a monotonic and nearly linear downward shift as a funcuon
of increasing coverage. The frequency of this mode in mononuclear metal compounds is strongly sensi-
tive to the charge on the metal atom, and the observed frequency shift on Ru(001) can be correlated
with the large work function decrease that occurs when ammonia is adsorbed on this surface (6).
Finally, a detailed comparison has been made between the vibrational spectra of chemisorbed ammonia
and ammonia ligands in metal compounds (9), and on most metal surfaces the vibrational spectra of
chemisorbed ammonia are very similar to the vibrational spectra of ammonia in M(NH;)?* compounds.
This has led to a preference for the on-top binding site for ammonia on Ru(001), in contrast to the pre-

vious suggeston (6) that ammonia occupies threefold hollow sites.
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Appendix 1

Adsorption and Decomposition of Formaldehyde on the Ru(001) Surface:
The Spectroscopic Identification of n2-H,CO and n>-HCO

[This appendix was published as a Communication by A. B. Anton, J. E. Parmeter and W. H. Wein-
berg, in The Journal of the American Chemical Sociery 1985, 107, 5558.]
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Abstract

The adsorption and decomposiuon of formaldehyde on the hexagonally close-packed Ru(001) sur-
face have been studied using high-resolution electron energy loss spectroscopy. Following a saturation
exposure of formaldehyde 1o this surface at 80 K, annealing to 250 K results in the formatdon of an
n%C,0)-H,CO species, i.e. molecular formaldehyde that is adsorbed in a side-on configuration. The
carbon-oxygen bond of this species is rehybridized to sp’, as evidenced by the v(CO) frequency of
approximately 1000 cm™. At low formaldehyde coverages at 80 K, an n%(C,0)-HCO species (n*-

formyl) is also identified, with a v(CO) frequency of 1180 cm™.
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The interaction of formaldehyde with transition-metal surfaces
is of obvious importance in view of the fact that species such as
M-CH,0 and M—-CHO may piay a key role in the catalytic
hydrogenation of carbon monoxide.'” Recently, several or-
ganometallic complexes have been identified in which both
formaidehyde*’ and the formyi group® function as dihapto (¥*-)
ligands. In this paper, we report the results of high-resolution
clectron energy loss (HREELS) measurements of formaldehyde
adsorbed on the hexagonally close-packed Ru(001) surface that
demonstrate the existence of both w*-H,CO and »*-HCO. This
represents the first spectroscopic ideatification of either species
on any metal surface.

The uitrahigh vacuum (UHY) system in which the experiments
were performed has been described previously.” HREELS was
used to identify surface reaction products after adsorption at 80
K. subsequent annealing up to 600 K. and recooling t0 80 K to
record the spectra. Gaseous H,CO and D,CO were produced by
thermal dehydration and depolymerization of their parent poly-
oxymethylene glycols (paraformaldehyde) and were introduced
into the UHV chamber through 2 leak vaive. The H,CO (D,CO)
produced by this method contains 3-5% H,0 (D,0) impurity,'®
and. consequently, spectra recorded aflter heaung beiow 170 K
are expected to show vibrational [eatures attributable to small
amounts of coadsorbed water.'

Exposing the Ru(001) surface at 80 K to 7 langmuirs (1
langmuir = 10™ torr 3) or more of H,CO or D,CO results in the
formauon of molecular muitilayers of formaldehyde. as evidenced

Seciety, | 107, 5588.
r-l’::dlhoemhlm.

Teble L Mode Assignments for #°-H,CO (»*-D,CO) on Ru(001)

frequency ratio

mode w-H,CO, em™  #%-D,CO. em™ (H,CO/D,CO)
nCO) 980 1020 0.96
r2(CH,;) 2940 2228 1.32
8(CH,) 1450 1190 1.22
«(CH;y) 1160 868 1.34
#{(CH,) 840 620 . 1.35

‘l'd- L Mode w for ¥-HCO (#*-DCO) on Ru(001) with
from the Model Compound HCOOCH, -

(MOOCH,) (S- Ref 15)

»-HCO. HCOOCH, +-DCO. DCOOCH,,
made am™' cm"' em™! em™
~CH) 2900 2943 a 216
HCH) 1 400 131 980 1048
«CO) 1180 1207 1160 1213
CH) 1063 1032 823 870
Ru-HCO) 590 550

*Weak and not rescived from the tail of the strong feature dus 1o ad-
sorbed CO at 1990 com™'.

140 K desorbs the multilayer, leaving adsorbed carbon monoxide
(# = 0.20 CO moiecules/Ru surface atom),'? hydrogen adatoms
(8 = 0.40),' and another surface species (# = 0.10) which is stable
to approximately 250 K. This new species is identified as »’-
formaidebyde. The spectra for H,CO and D;CO are shown at
the top of Figure |, and mode assignments are given in Tabie L.
The observed CO strewching (requency of a tely 1000 cm™
is consistent with a reduction in bond order of the CO bond from
doubie 10 single and is in good agreement with the CO stretching
frequency of 1017 cm™ for #*-H,;CO in the organometallic com-
pound (PPh,);(C0);0s(n*-H;C0).* The observed frequencies
and deuteration shifts for the vanous CH; modes agree well with
those observed for sp’-CH, groups in various molecules."?

by a comparison of the observed vibrational spectra to the IR
spectrum of gaseous formaidehyde.'? Annealing the surface to

(1) Muetteries, E. L.. Sunn, J. Chem. Rev. 1979, 79, 479490,

(2) Eisenberg, R., Hendncksen. D. E. Adv. Caral. 1979, 28, 79-172.

(3) Dombek, B. D Adv. Caral. 1983, J2, 125-416.

14) Brown, K. L.. Clark. G. R.. Headford. C. E. L.. Marsden, K.. Roper,
W R.J Am. Chem. Soc. 1979, /01, 503-50%.

(5) Gambarotia, S.. Flonam, C.; Chiese-Villa. A.; Guasum, C. J. 4m.
Chem_ Soc. 1982, [04. 2019-2020.

(6) Buhro, W E.. Pauton, A. T.. Strouse. C. E.. Gladysz. J. A.. McCor-
mick. F B.. Enter, M. C. J 4m. Chem. Soc. 1983, /05, 1056~1058
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105. 33153-13%4
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1983, /05, 2643-2650. ;
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497-501.

(10) Walker, J. F. “Formaidehyde™. Reinbold: New York, 1964: p 142.

(11) Theel. F. A.. Holfmann. F. M.. Weinberg, W. H. J. Chem. Phys.
1981, 75, 5556-5572.

(12) Herzberg. G. “Infrared and Raman Spectra®; D. Yan Nastrand Co.:
New York. 1945; p J00.

(13) Thomas, G. E. Weinberg. W_H. /. Chem. Phys. 1979, 70. 954961,
1437-14)9. Weinberg. W. H. Methods Exp. Phys. 1988, 22, 23-125

(14) Barteau, M. A_; Broughton, J. Q. Menzel. D. Sur/ Sci. 1983, /3],
443452

(15) Smimanouchi, T "Tables of YVibrational Frequencies™. Consolidated
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Figwre 1. Hu.hmdunudmmmmlm P of (1) a multil (101 ) of H,CO (DyCO) adsorbed on Ru(001) at 830 K
and annealed to 250 K and (2) a sub posure (0.8 | ;ofH,CO(D;CD)o- Ru(001) at 80 K. The spectra in (1) are characterisuic
of w'-formaidehyde, aﬁ&am(!)mmdw‘-funyl lnul(hunlunnlntmmn-ruo“dzm:m" are due to adsorbed
CO from formaldehyde decomposilion, as is the weak b band |y observed near 2450 cm™'.'" Adsorbed hydrogen adatoms from

formaldehyde decomposition are not observed due 1o their extremely smalil scatiening cross section.'* Features at 800 and 1590 cm™' in the H,CO
spectrum of (2) and near 360 cm™' in the D,CO spectrum of (2) are due to H,0 and D;0."" respectively, 10 which the crystal is exposed unavoidably
duning the adsorpuon of H,CO and D,CO at 80 K.

Spectra of lower coverages of H,CO or D,CO on Ru(001) at bonded to the Ru(001) surface and the corresponding vibrational
80 K reveal a species that is f[undamentally different from the frequencies of the HCO (DCO) function of the “mode! compound”™
n-formaldehyde that results after annealing the formaidehyde HCOOCH, (DCOOCH,),"! of which the latter are listed in Table
multilayer. The spectra obtained after clean Ru(001) is exposed II. The mode at 590 cm™' (550 cm™') for #*-HCO (»*-DCO) is
to 0.8 langmuur of H,CO (or D,CO) at 80 K are shown at the assigned to the frustrated translation of the formyl perpendicular
bottom of Figure |. Although there is significant decompasition to the surface, its rather high frequency a natural consequence
10 adsorbed carbon monoxide (# = 0.15) and hydrogen (8 = 0.30), of the relatively low mass of HCO (DCO) and the stiffness of
additional |oss features due w0 another adsorbed species (# = 0.05) the (one) Ru=O and (two) Ru~C bonds which coordinate it to
are observed at 2900, 1400, 1180, 1065, and 590 em™' for H,CO, the surface.
and at 1160, 980, 825, and near 550 cm™' for D,CO. Heating The conditions that lead to the formation of »*-HCO and
1o 100 K causes these features 1o disappear as this species de- 7-H,CO provide a consistent picture of the mechanism of H,CO
composes to carbon monoxide admolecules and hydrogen adatoms. decomposition on the Ru(001) surface. The »*-HCO is favored
Weak features at 800 and 1590 cm™ in the H,CO spectrum and over n*-H,CO at low surface coverages because there exist vacant
at 360 and 1150 cm"' (obscured by the stronger mode at 1160 sites at which a hydrogen atom from the decomposing 7°-H,CO
cm™' associated with D,CO adsorption in the spectrum of Figure may bind. At higher coverages the absence of such vacant sites
1) in the D,CO spectrum persist to | 70 K, the desorption tem- inhibits decomposition and favors the formation of »?-H,CO.
perature of water from the Ru(001) surface. and can be identified Indeed. precoverage of the Ru(001) surface by a saturation ex-
readily with librational and scissoring modes of small amounts pasure (3 langmuirs) of H,, followed by exposure to H,CO at 80
of coadsorbed H;0 and D,0, respectively.!' The spectra in the K. results in the formation of »*-H,CO at all submonolayer

bottom pmel of Figure | can be identified unambiguously as an coverages, with essentially no dissociation to adsorbed CO and
7-HCO (7°-DCO) adspecies.’ and the mode assignments are given hydrogen at 80 K.

in Table II. The presence of the #*-formyi is perhaps not sur- The spectroscopsc identifications put forward in this paper have
prising in view of the fact that there is substantial decomposition been confirmed by off-specular HREELS measurements, thermal

of the formaidehyde to adsorbed carbon monoxide and hydrogen desorption mass spectrometry results, and compiementary ex-
at low surface coverages. and »*-formaldehyde exists at saturation periments concerning H,;CO and D,CO adsorption on the Ru(001)
monolayer coverage. The formyl ligand. although not heretofore surface modified by the presence of a p(2X2) ordered overlayer
identified on a surface. has been observed as a product of the of oxygen adatoms. A compiete discussion of all of these results
interaction of formaidehyde with metal centers in organometallic will be presented separately.'*

compounds.'*® As would be expected. there is excellent agreement
between the vibrational frequencies of the »*-HCO (»*-DCO) (16) Anton. A. B.; Parmeter, J. E.. Weinberg. W H . unpublished results.
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Appendix 2

The Adsorption of Formaldehyde on the Ru(001) and Ru(001)-p(2x2)-O Surfaces

[This appendix was published as a paper by A. B. Anton, J. E. Parmeter and W. H. Weinberg, in The
Journal of the American Chemical Sociery 1986, 108, 1823.]
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Adsorption of Formaldehyde on the Ru(001) and
Ru(001)-p(2X%2)O Surfaces

A. B. Astoa, J. E. Parmeter, and W. H. Weinberg®

Contribution from the Division of Ch. v and Chemical E ing, California Institute of
Technology, Pasadena, California 91125. Rmud’ Scpnmbvr 5. 1985

Abstract The adsorption of formaldehyde on the clean Ru(00!) surface and & Ru(001) surface on which an ordered p(2x2)
overlayer of oxygen adatoms is present has been investigated via high resoiution eiectron energy loss vibrational spectroscopy
and thermal desorption mass spectrometry. On the clean Ru(001) surface, the formaldehyde surface bonding interaction at
80 K is pnmarily via vcg d 1on and reg kd, ion, leading 1o decomposition to adsorbed hydrogen and CO for low
exposures. With subsequent exposure (o mey‘s a small fractional surface coverage (¢ = 0. 02-0 03) of »-formyl is
observed., foliowed by formation of w'-{ormaidebyde (¢ = 0.10) and »'-formaidehyde at ( yer) age. Upon
beating, the »*-formyl decomposes to adsorbed hydrogea and CO by lZOK.lndt.hq'-mechydeMmohcuhriy
between |30 and 180 K. Further heating decomposes the remaining »°-formaldehyde. and thermal desorption measurements
indicate that a total of 2 quarter monclayer of formaldehyde decomposes on the Ru(001) surface under these conditions. The
presence of the p(2X2)O overlayer (# = 0.25) withdraws charge from the surface ruthenium atoms, increasing their Lewis
acidity and making ¢ lone pair donation the dominant formaldehyde surface bonding interaction. Under these conditions,
only n'-formaldehyde is observed for all submonolayer coverages after adsorption at 80 K. After annealing the surface 0
300 K to desord n'-formaidehyde, small amounts of w-formaldehyde (# = 0.01) and #*-formate (# = 0.04) are observed. Compared
to the clean surface, more molecular of formaldehyde is observed in the 130-1380 K temperature range. and the
decomposilion activity, as evidenced by the amount of CO and H, evolved from the surface. is decreased by a factor of 2 from

2 quarter to an eighth of a monolayer.

. Istroduction

A number of investigations have sought to elucidate the details
of the heterogeneously catalyzed reaction of CO with H, to form
methanol via studies of methanol adsorption and thermal de-
composition on singie crystalline metal surfaces. Studies on
Ni(111),! Cu(100),2 Pr(111),’ Pd(100),* and Ru(001)* which have
included results of electron energy loss spectroscopy (EELS)
expeniments to identify surface intermediates during the annealing
of adsorbed overiayers of methanol have demonstrated the ror-
mation of an adsorbed methoxy intermediate [(g) denotes gaseous
species and (a) adsorbed species), i.c.,

CH,0H(g) — CH,0H(a)
and
CH,0H(a) = CH,0(a) + H(a)

Heating of the surfaces to temperatures near 300 K resulted in
decomposition of the adsorbed methoxy to yield H(a) and CO(a):

CH,0(a) = JH(a) + CO(a)

No stable intermediates otha than the methoxy could be isolated,
mdnnnng that inter in the hoxy decomposition, e.g..

H,CO(a) or HCO(a), are less stable and decompose rapidly
compared to the methoxy. The study of the chemusorption and
thermal decomposition of formaldehyde on these metal surfaces
may afford an opportunity to investigate the structures of adsorbed
formaldehyde and formyl intermediates, providing a more complete
mechamstic picture of methanol decomposiion [and by inference,
methanol synthesis from H; and CO®*) in terms of elementary
surface reacuons. Pursuit of this information provides the mo-
tivation for the present study of formaldehyde adsorption on the
Ru(001) surface.”

An ecarly investigation of formaldehyde adsorption on W(100)
and W(111) surfaces employing thermal desorption mass spec-

trometry (TDMS) demonstrated the evolution of H, and CO as
the principal reaction products, with small amounts of CO, and
methane prcdwd only at coverages approaching a saturated
monolayer.! A more recent TDMS study of formaldehyde ad-
sorption on clean and carbided W(100) surfaces showed quali-
tatively similar results, but also indicated minority evolution of
a small amount of methanol from the clean surface and the ev-
olution of methyl formate together with enhanced formation of
methanol and methane from the carbided surface.” On Ni(110),
formaidehyde adsorption yieided H,, CO, CO,, H,O. and meth-
anol as reaction products,'” and 2 more recent investigation of
the same system.'' which also included EELS results to identify
surface intermediates, qualitatively duplicated the TDMS results
of the previous investigation and showed that, in addition to
hydrogen and CO from formaldehyde decomposition, methoxy
is the primary surface intermediate, and mixed multilayers of solid
formaldehyde and polymenc paraformaidehyde are formed at high
coverages. Products similar to those observed for the reaction
of formaidehyde with tungsten and nickel surfaces were also
reported for clean and sulfided Pt(111) surfaces.'? On an oxygen
precovered Ag(110) surface,'’ EEL spectra consistent with an
n*-dioxymethylene species or paraformaidehyde were obtained
below 200 K. and decomposition to evoive H; and CO, through
a formate intermediate occurred upon heating the surface to 500
K. Similar results were obtained for formaldehyde adsorption
on clean and oxygen precovered Cu(110) surfaces.'* where EELS
identified paraformaidehyde as the only monolayer species on both
surfaces at low temperatures. Depolymenzation of adsorbed
paraformaldehyde rel d formaldehyde from both surfaces at
225 K. However, EEL spectra for the oxygen precovered surface
showed that a reaction of formaldehyde with coadsorbed oxygen
also occurred. producing adsorbed formate which decomposed to
yield CO, and H, near 470 K.

More pertinent to the results reported here are studies of the
h h ry and structures of coordinated form-

(1) Demuth, J. E.; Ibach, H. Chem. Phys. Lats. 1979, 60, 195.

(2) Sexton, B. A. Swrf. Sci. 1979, 48, 299.
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(4) Chnstmann. K.. Demuth, J. /. Chem. Phys. 1982, 75, 6308.
-.“(:' Hroek. J., de Pacla. R. A HolTmann, F. M. J. Chem. Phys. 1984, 8/,
, ge'n Hennci-Olivé, G.: Olivé. S. Agmew. Chem.. Ini. £d. Engi. 1976, 15.
1

(7) Anton, A. B.. Parmeter, J. E.. Weinberg, W H. J Am. Chem. Soc.
1988, /07, 5558

ald.:hyde and formyl.'>'" Several stable compounds displaying

(8) Yates, J. T.. Madey, T. E.. Dresser, M. J. J. Carai 1973. JO. 260.
(9) Benniger. J. B.: Ko. E. .. Madix. R. J. /. Catal 1988, 64. 1)2.
(10) Diciunson. J. T.. Madix. R. J. [ni. J. Chem. Kinetr. 1978 10. 871
(11) Richter, L. J.. Ho. W J Chem. Phys. 1988, 8], 2165
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(14) Sexton. B. A.. Hughes, A. E.. Avery. N R. Surf Sci 1988, /55 166
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7°(0.C) coordination geometries [bonded to the metal atom(s)
through both the oxygen and carbon atoms of the carbonyl,
hereafter referred to simply as %] for formaldehyde'*%' and
acetaldehyde®® have been synthesized and characterized struc-
turally. Furthermore, evidence for n'(O) coordination [bonded
end-on 10 the metal atom through only the oxygen atom, hereafter
referred to simply as n'| has been obtained for a formaldehyde
complex of ruthenium.” Structures analogous to both of these
have been observed for the adsorption of the structurally similar
acetone molecule on the Ru(001) surface.’®  Finally, »'-
formyl. >33 yl.formyl.’®*? and similar »'-acyl pl -1
have also been synthesized and characterized structuraily.
This paper presents an EELS and TDMS investigation of the
adsorption and reactions of formaidehyde on both the clean
Ru(001) surface and a Ru(001) surface modified chemically by
the presence of an ordered p(2X2) overiayer of oxygen adatoms.
The results of the experiments conducted on the clean Ru(001)
surface differ from those described carlier for other singie crys-
talline metal surfaces in that no evidence for associative reactions
on the surface is obtained. Instead. only reversibie molecular
adsorption and decomposition to hydrogen and CO through in-
termediates similar to those observed in the homogeneous chem-
istry of modei CO hydrogenation reactions are observed. Addition
of the p(2X2) oxygen overiayer not only provides an adsorbed
reactant which may open surface reaction channels that did not
exist on the clean surface, but it also withdraws charge from the
surface ruthenium atoms. increasing their Lewis acidity and al-
tering their reactivity toward the reactions identified on the clean
surface. The results obtained for formaidehyde adsorption and
decomposition provide an interesting and chemically consistent
comparison to those obtained previously for the adsorption of
acetone on the same clean and oxygen modified surfaces.?

Il. Experimental Procedures

A description of the EEL spectrometer and the UHV system in which
it 15 contained has been published previously.” EEL spectra were

(15) Muettertien. E. L.. Stein, J. L. Cheme. Rev. 1979, 79, 479.
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J. Chem. Soc.. Daiton Trans. 1977, 1546.
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(23) Thomn. D. L. J. Am. Chem. Soc. 1988, 102. 7109: Organomet. 1982
t./197
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a count rateof 3 % 10° Hz i in the sp-nhﬂy reflected. clasucally scattered
beam. Incid beam k energies at the sampie
were 5—6 eV.

The Ru(001) surfsce was cleansd by using standard techmiques of Ar”
sputtering and annealing in oxygen.”” Surface cleaniiness was monitored
via both EELS and TDMS. The ordered p(2x2) overlayer of oxygen
adatoms. with an ideal surface coverage of 0.25 monolayer, was prepared
by exposing the clean surface 10 0.8 L of O, (1 L = 10™ torrs) at 95 K.
followed by thermai ordening at a temperaturs of approximately 350
K_ﬂ‘dl

Gaseous H,CO and D,CO were producsd by thermal dehydration and
depolymerization of their parent polyoxymethylene glycols (paraform-
aldehyde). and the crystai surface was exposed to these gases by back-
filling the UHYV chamber through leak vaives. Exposures quoted in the
1ext were measured with 2 Bayard—-Alpert 1onization gauge. uncorrected
for rel cross

The formaidehyde used in these experiments was punfied by extensive
pumping on the solid paraformaidehyde prior to thermal depolymeriza-
tion. Storage lines which held formaldehyde prior to introduction into
the UHV chamber were cleaned and refilled frequently. and the com-
position of the vapor introduced into the UHV chamber was checked in
situ via mass spectrometry. Water is an unavoidable product of the
thermai depolymerization reaction*?

H(H,C0),0H — #H,CO(g) + H,0(s)

and high grade paraformaldehydes as were used in this work (H,CO
from Aldnch Chemical Co.. and D,CO from US. Services Inc. (98 atom
% D)) have an ge degree of polymenzats nurlo Th-ulhevapu
produced by thermal depolymerization is exp d to
mately } mol % water. Further punﬁauol of the vapor, for nunph.
by tr with dard ch | drying agents. is in general fruitless,
since these mlmh aho catalyze the decomposition and polymenzauon
of formaidehyd ly. the adsorption 1es of water on
both the clean®! and o:nm “ Ru(001) surfaces have been
charactenzed thoroughly by both TDMS and EELS. allowing extraction
from the EEL spectra for formaidehyde adsorption those (eatures at-
tributable to the pr of small of coadsorbed water after
annealing of the surface to temperatures below 170 K, the low coverage
desorpuon temperature for water on Ru(001). Another impurity in
formaidehyde that is produced from depolymerizauoa of paraform-
aldehyde is methyl formate.’4?

Although the formaidehyde used previously’'* was prepared by
methods nearly identical with those employed here. in most cases littie
or no mention is made of the presence of water and methyl formate
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(40) Rahman, T. S.. Anton, A. B.; Avery. N. R.; Weinberg, W H. Phys.
Rev. Lets 1981, 51, 1979

(41) Madey, T. E.: Engelhardt. H. A.: Menzel, D. Swrf. Sci. 1975, 43, 304.

(42) Waiker. J. F. *For dehyde”. Ird ed.: Rewnhoid: New York. 1964;
pp 4445, 215,

(43) Thiel. P. A: Hoffmann. F M.. Weinberg. W H_ J Chem. Phys
1981, 75, 5556

(44) Thiel. P A Hoffmann. F M . Weinberg. W H Phys Rev Len.
1982, 49, 501
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impunuies and thewr potential importance on the chemustry of the surfaces
gated. For le. small of methane. carbon dioxide.
and methyl formate evoluuon in TDMS after large formaidehyde expo-
sures."™'! may be due to the adsorption and/or reaction of a methyl
formate comaminant. Furthermore, the polymerizanon of formaidehyde
to give adsorbed paraformaidehyde''-'’'* may not result from the in-
teraction of formaidehvde with the clean metal surface but rather from
the interaction of lormaidehyde with adsorbed water, which is known 0
catalyze formaidehyde polymenzation rapsdly on rather nomreactive
surfaces below 100 *C. 4
Thermal desorpuon measurements were made in 1 line-ol-sight con-
figuraton with a UT1 100C quadrupole mass spectrometer. omented
approximately 40°* from the surface normal. Surface coverages of H,
and CO reported for the reaction product TDMS measurements were
obtained by comparing the ume integrated ion current of Lhe desorpuion
spectra to thase obtained for desorption of known coverages of H,*' and
CO™ and are accurate (o approuimately 10%.

IIl. Reswmits

A. Thermal Dmserption of Formaldeiryds from the Clann
Ru(001) and the Ru(001)-p(2x2)0 Serfaces. Thermal desorpuion
spectra of DyCO recorded after the indicated exposures of the clean
Ru(001) surface and the Ru(001)-p({2x2)O surface to D,CO at
80 K are shown at the left and right of Figure |, respectively. For
exposures of 0.8 L or less of D,CO on both surfaces. no molecular
formaldehyde desorption is observed. For exposure of the clean
surface to 1.5 L or more of D,CO. desorption rate maxima as-
sociated with monolayer adsorbed states appear near 130 and 155
K. These peaks saturate and shift slightly to lower temperatures
for exposures of 5 L or more. Another peak appears near 110
K, the amplitude of which grows without saturation for increasing
exposures. indicating that it is associated with multilayers of
formaidehyde condensed on the surface. A small sharp peak is
also evident near 275 K for exposures of J L or more. Activation
energies for desorption for the monolayer states desorbing at 130,
155, and 275 K, estimated for first-order desorption kinetics via
the method of Redhead with » = 10" s™' *" are 7.3. 8.8, and 16.0
kcal/mol, respectively. Similar results are obtained for desorption
from the Ru(001)-p{2x2)O surface, although desorption from
the monolayer states near 130 and 155 K is enhanced for
equivalent exposures compared to the clean surface. and the state

at 275 K is extinguished.
Desorption Spectra of the Decompesitien Products,

B. Thermal
CO snd H,, from Formaldehyde on the Clean Ru(001) and the
Ru(001)-p(2%2)O Sarfaces. To check for the possible formation
of surface reaction products like those identified in earlier studies
of formaidehyde adsorption, thermal desorption spectra were
recorded at m = 20 amu (D,O*, CD,*), m = 34 amu (CD,0*
the pancipal cracking fragment of CD,0D). m = 44 amu (CO,"),
and m = 64 amu (DCOOCD,"), in addition to m = 4 amu and
m = 28 amu for the pnncipal ion prod D;and CO. No
desorption at m = 44 and m = 64 amu was detected for monolayer
saturauion cxposures of both the clean Ru(001) and the Ru-
(001 )-p(2%2)O surfaces to DyCO at 80 K. and only weak features
with intensities lower than those observed for D, and CO by factors
of 100—1000 were observed at 160~180 K for D,O and 280-320
K for CD,0D. Consequently, all D,O and CD,0D evolved from
both the clean Ru(001) and the Ru(001)=-p(2x2)O surfaces are
due to impurities in the adsorbed D,CO. The only desorption
products resulting from the interaction of D,CO with both surfaces
are D,CO, D,. and CO. Noteworthy in these results is the absence
of significant D,;0 production from the reaction of deuterium
adatoms from D,CO decomposition with the oxygen adatoms of
the p(2x2)O overlayer. This is because the p(2X2)O overlayer
destabilizes adsorbed hydrogen into a new binding state with a
reduced activation energy for desorption, 1o be discussed beiow,
decreasing the barrier 1o hydrogen adatom recombination and
desorption.

Thermal desorption spectra of CO recorded after exposure at
80 K of both the clean Ru(001) and the Ru(001)-p(2x2)0

(45) Shimizu. H.. Christmann, K.. Ertl, G. /. Caral. 1990, 61. 412.
(46) Wilhams. E. D . Weinberg. W H. Swr/ Sci. 1979, 82, 9).
(47) Redhead. P A Vacuum 1962, /2, 203
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Figwe 2. Thermal desorption spectra showing the evolution of CO from
Ru(001) following exposure (a) of the clean surface t0 0.5 L of CO. (b)
of the Ru(001)-p(2x2)O surface to 0.4 L of CO. and (c) of the clean
and (d) the Ru(001)~p(2x2)O surfaces 10 the indicated exposures of
D,CO.

surfaces t0 0.8, 1.5, and 5.0 L (monolayer saturation) of D,CO
are shown at the top of Figure 2. Also shown for comparison
at the bottom of Figure 2 are spectra recorded after,the adsorption
of CO. In all these spectra, fractional surface coverages are
assigned by comparison to spectra recorded for saturation expo-
sures of the clean surface to CO, where 8co = adsorbed CO
molecules per ruthenium surface atom = 49/75 at saturation.*
Since no other reaction products were observed. the CO coverages
indicate directly the amount of D,CO decomposition. For 0.3
L exposures of both surfaces to D,CO, comparabie amounts of
decomposition are observed. 0.08 monolayer on the ciean Ru(001)
surface and 0.07 monolayer on the Ru(001)-p(2X2)0O surface.
As the D,CO exposure is increased, however, decomposition on
the ciean surface increases relative to that on the oxygen pre-
covered surface, and for 5-L (monolayer saturation) exposures
on both surfaces, the decomposition activity of the clean surface
[8co = 0.26] is twice that of the Ru(001)-p(2%2)O surface [8co
= (.13]. The peak shapes and positions are unperturbed compared
10 those resuiting from adsorption of CO on the same surfaces,
suggesting that the surfaces are free of other adsorbed species
which could affect the CO desorption rate.

Thermal desorption spectra of D, from the decomposition of
adsorbed D,CO, following exposures of both surfaces 10 D,CO
equal to those used to generate the CO thermal desorption spectra
of Figure 2. are shown at the top of Figure 3. For comparison,
thermal desorption spectra after D, adsorption on both surfaces
are shown at the bottom of Figure 3. Coverages for all the spectra
are assigned by comparison to the 4.0-L (monolayer saturation)
exposure of D; on the clean surface where 6 = 0.85.*

Of particular interest are the spectra recorded for the adsorption
of D, on the Ru(001)-p(2x2)O surface, shown at the bottom of
Figure 3. Comparison to the 0.2-L spectrum for D, adsorption
on the clean surface immediately above shows that the average
probability of adsorption up to a coverage of approximately dp
= (.15 is increased by a factor of two on the Ru(001)=-p(2x2)0
surface relative to the clean surface. Desorption of D, is complete
by 250 K. indicating that the activation energy for desorption is
less than 9 kcal/mol [esumated for second-order desorption ki-
netics via the method of Redhead with » = 10~ cm? -s™' *"], as
compared to 17.0 kcal/mol on the clean surface.* The peak near
200 K shifts downward with increasing coverage. indicative of
second-order desorption kineucs, and at saturauon this state
contains 0.23 monolayer of deuterium adatoms. The state at lower
temperature, which fills after the state at 200 K and 15 shown
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Figwre 3. Thermal desorptioa sp howing the evolution of D, from
Ru(001) foli g the ind d exp of (a) the Ru(001)-p(2x2)0O
and (b) the clean Ru(001) surfaces w D,CO.

expanded by a factor of 0.5 in Figure . contains an additional
0.45 monolayer of deuterium adatoms. and its peak temperature
remains constant at 150 K from its initial appearance to the
exposure necessary for its saturation (0.4 L). The 2:l stoi-
chiometry of these two states. plus the near match of their pop-
ulations to the 0.25 monolayer ideal coverage of the p(2x2)Q
overlayer. suggests that occupation of the state at 200 K con-
tributes stoichiometrically one deuterium atom per p(2x2)O unit
cell. and occupation of the state at 150 K contributes an additional
two deuterium atoms per p(2x2)O unit cell. Other experiments®
have shown that the appearance of both these states is intimately
related 1o the presence of the p(2X2)O overlayer. As the ordered
oxygen coverage is increased past 0.25 monolayer, the resulting
overlayer 1s 2 combination of local regions of both the p(2x2) and
the p(1x2) overlayer,* which is developed fully at an oxygen
coverage of 0.50 monolayer and does not chemisorb hydrogen at
these temperatures. For ordered oxygen adatom coverages below
0.25 monolayer, the thermal desorption spectra of adsorbed D,
are a linear combination of the clean surface and the surface on
which the p(2x2)O overiayer is present.

The stoichiometry of the overall decomposition reaction for
formaldehvde

D,CO(a) — CO(a) + 2D(a)

indicates that. in the absence of other surface reactions which
consume deuterium, the coverages obtained for the thermal de-
sorption spectra of D, at the top of Figure 3 should be twice the
coverages obtained for the CO TDMS data of Figure 2.
Agreement 1s obtained within experimental error.

For the thermal desorption spectra obtained after adsorption
of D.CO on the clean Ru(001) surface, all D, evolution can be
attributed to desorption from the surface after D,CO decompo-
sition at lower temperature, since the peak shapes and positions
match very closely those obtained for the coadsorption of H; and
CO on Ru(001).* On the Ru(001)-p(2X2)O surface, however,
features at temperatures above approximately 250 K are clearly
due to the decomposition of adsorbed species in this temperature
range. as can be deduced by comparison to the spectra for the
Ru(001)=-p(2%2)O surface shown in Figure Ja and c.

The decreased decomposition activity of the Ru(001)-p(2x2)O
surface compared to the clean Ru(001) surface could be artnbuted
reasonably to a decreased amount of formaidehyde adsorption into
monolayer states on the oxygen precovered surface. resulting from
blocking by the oxygen adatoms of the p(2x2) overlayer of

(48) Anion, A B. Weinberg. W H'. unpublished resuits
(49) Peebies, D E.. Schreifels. J. A.. White, ] M Surf Sci 1982, //6.
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Figwre 4. EEL spectra recorded after the indicated exposures of the ciean
Ru(001) surface 10 H;CO (left) and D,CO (nght) at 30 K.

formaidehyde adsorption sites which would otherwise be available
on the clean surface. Since the temperature of formaldehyde
adsorption, 80 K, is well below the temperature of desorption of
condensed multilayers of formaldehyde. 110 K. formaidehyde
molecules striking either the clean or the Ru(001)-p(2x2)0
surface during exposure at 80 K are expected to adsorb with a
probability near unity. Then, the exposures necessary to initiate
formation of the multilayer state on each surface in the thermal
desorption spectra for formaldehyde give a relative measure of
how much formaldehyde is adsorbed into the monolayer states
on both surfaces. As may be seen in Figure |. no desorption from
the multilayer state is observed for 3-L exposures of both the clean
Ru(001) and the Ru(001)-p(2x2)O surfaces to D,CO. whereas
$-L exposures produce multilayer desorption from both surfaces.
The multilayer state shows greater population for a 5-L exposure
of the clean Ru(001) surface to formaldehyde than the Ru-
(001)-p(2%2)O surface. indicating that more adsorption into
monolayer states occurs on the oxygen precovered surface than
on the clean Ru(001) surface. Thus, the decreased decomposition
acuvity of the Ru(001)~p(2%2)O surface, compared to the clean
Ru(001) surface. must be due to the differences in the reactivity
of the adsorbed formaldehyde present on the two surfaces and
is not due simply to differences in the amounts of formaldehyde
adsorbed.

C. EELS of Formaidelryde on the Clens Ru(001) Surface. EEL
spectra recorded after increasing exposures of the clean Ru(001)
surface to both H;CO and D,CO are shown in Figure 4. For
exposures below approximately 0.5 L, total decomposition at 80
K is evidenced by the appearance of only strong vibrational
features near 450 and 2000 cm™' due to approximately 0.10
monolayer of adsorbed CO.?* Features attributable to hydrogen
or deuterium adatoms from formaldehyde decomposition are not
detected due to their extremely small inelastic scattering cross
section on the Ru(00!) surface.®®* After a 0.8-L exposure,
however, the EEL spectrum of H,CO shows modes due to other
surface species at 590, 800, 1065, 1180, 1400, 1590, and 2900
cm™'. Heating the surface to 120 K causes the modes at 590. 1065.
1180. 1400, and 2900 cm™' to disappear. leaving features at 800
and 1590 cm™' and increasing the intensities of the features due
10 adsorbed CO by an amount consistent with an increase of the
CO coverage of 0.02-0.03 monolayer. Similar results are observed
for identical experiments for the adsorption of D,CO: heating
the surface to 120 K removes leatures near 550 (shoulder), 825,

($0) Barteau. M. A.. Broughton, J. Q.. Menzei. D. Surf Sci 1983, [1J,
443
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Figwre 5. Schemauic #' [(2)] and #* [(b). (c). and (d)] bonding config-
urations observed in with acyl (top) and aldeh-
yde (bottom) ligands.

980. and 1160 cm™', leaving the shoulder near 360 cm™ and a
weak feature at 1150 cm™. A feature for D,CO corresponding
to that at 2900 cm™' for H,CO shouid appear near 2100 cm™',
but would be expected 1o be quite weak and is not resolved from
the tail of the strong feature due to W(CO) at 1990 cm™'. Spectra
which were extended (o higher loss energies also showed very weak
features at 3500 em™ for H,CO and 2500 ecm™' for D,CO which
were present both before and afier annealing 1o 120 K. By
comparison to EEL spectra obtained for water adsorption on
Ru(001),* the modes at 800 (360), 1590 (1150), and 3500 (2500)
cm™' can be readily assigned to librational modes (frustrated
translation). 5(H,0) [8(D;0)] and HOH) [#«(OD)], respectively,
of less than 0.01 monolayer of adsorbed H,O (D,0) from parh-
formaldehyde depolymenzation. The other features are due to
a weakly stable species which is an intermediate in the form-
aldehyde decompasition to hydrogen adatoms and adsorbed CO.

Due to the prevalance of the formyl ligand in organometallic
chemistry, such a species must be considered as a possibie in-
termediate in the d position of formaldehyde on the Ru(001)
surface. Indeed. the vibrational spectra shown in Figure 4a are
consistent with a formyl intermediate bound to the surface in an
7 configuration (see also Figure 5). A comparison of the spectra
in Figure 4a for H,CO and D.CO allows immediate identification
of the modes at 1180 and 1160 cm™' as being due to the car-
bon-oxygen stretching vibration. The low frequency indicates
that the carbon—oxygen bond order is lowered to nearly one,
signifying #* coordination to the surface. With this established,
the remaining modes for n*-HCO can be assigned as follows:
8(HCO). the in-plane deformation at 1400 cm™': »{CH), the
out-of-plane deformation at 1065 cm™': and (CH), at 2900 cm™'.
The corresponding modes for »*-DCO are at 980, 825, and near
2100 cm™' (not resolved). Substantial justification for these as-
signments and the postulated »* coordination geometry for formyl
on Ru(001) can be obtained by comparison to the normal mode
frequencies for the model compounds HCOOCH, and DCOOC-
H,.*' where the HCO and DCO functions of each compound
mimic in carbon—oxygen bond order and structural arrangement

J. Am. Chem. Soc.,Vol. 108. No. 8. 1986

Table . Assig of Vibr | Bands (in cm™') Observed with
High Resolutsion Electron Energy Loss Spectroscopy of #°-HCO and
n*-DCO on Ru(001)*

mode »-HCO HCOOCH,' #*-DCO DCOOCH,*
wCH) 2900 2943 2216
HCH) 1400 1371 980 1048
»CO) 1180 1207 1160 1213
(CH) 1065 1032 825 870
»Ru=HCO) 590 550

* Also listed (or companson are the IR bands for the HCO and DCO
functions of the model compounds HCOOCH, and DCOOCH,.

the geometry expected for w*-formyl on the Ru(001) surface. As
may be seen {rom the resuits listed in Table i. the

is excellent. The mode at 590 cm™' for n*-HCO, appearing as
a shoulder near 550 cm™' for w*-DCO. is assigned as the frustrated
transiation of the formyi i r 10 the surface.

Exposure of the clean Ru(001) surface to 3.0 L of H,CO or
D,CO (cf, Figure 4b] adds new features to the EEL spectra which
signify the presence of surface species other than n-formyl. The
appearance of a carbonyl band at 1660 cm™ in both spectra. by
analogy to the results obtained for adsorption of the structurally
similar acetone molecule on Ru(001),* indicates the presence of
molecular formaldehyde coordinated to the surface in an n'
configuration. This bonding configuration, shown schematicaily
in (a) in the bottom panel of Figure 5, results from overiap of a
single lobe of the nonbonding lone pair orbital of formaidehyde.
localized strongly on the oxygen atom. with a ds hybnid acceptor
orbital of the metal, resulting in a net transfer of electron density
from the formaldehyde ligand to the metal surface. This o-do-
nation interaction leaves the skeleton of the formaldehyde molecule
unperturbed other than the red-shift of W CO) to 1660 cm™' from
its value of 1744 cm™' for free H,CO and 1700 cm™' for free
D,CO.3? Since the remaining features in both spectra cannot
ail be attributed to »'-formaldehyde, another surface species is
also present under these conditions. The features at 345 and 780
cm”' in the spectrum for H,CO are due to the frustrated trans-
lational and librational modes of coadsorbed H,O, respectiveiy,*’
and the corresponding modes in the spectrum of D,CO are not
resolved from the tail of the elastic peak and the strong feature
due 10 adsorbed CO near 450 cm™'. Having identified »'-form-
aldehyde by the presence of »(CO) at 1660 cm™, the assignments
of the remaining features in these spectra and the structural
identification of other species present is best left for the discussion
of subsequent spectra, where each species is isolated and char-
acterized unambiguously.

The addition of another 7 L of formaidehyde to the clean
Ru(001) surface to give a total exposure of 10 L at 80 K produces
condensed multilayers of formaldehyde, as was shown in the
TDMS results of Figure |. EEL spectra recorded for H,CO and
D,CO under these conditions are shown in Figure 4c, and as-
signments and corresponding frequencies for solid H,CO and
D,CO* are listed in Table I[[. As was observed for multilayer
adsorption of formaidehyde on Ag(110)."” a strong lattice vibration
appears at 170 em™ for H,CO (160 cm™' for D,CO), and the
frequencies for all other vibrations correspond more closely to those
of solid formaldehyde’ than to those of gaseous formalidehyde.*?
The intensity of »(CO) due 10 adsorbed CO in these spectra
indicates that decomposition of approximately 0.15 monolayer
of formaidehyde occurs upon adsorption at 80 K.

Shown in Figure 6 are EEL spectra recorded after exposure
of the clean Ru(001) surface to 10 L of H,CO (left) and 10 L
of D,CO (right). followed by annealing to the indicated tem-
peratures. After annealing to 150 K, the mode at 1660 cm™'
evident in the 3.0-L spectra of Figure 4b for both H,CO and D,CO
is absent, indicating that n'-formaldehyde has desorbed by this
temperature and correlating well with the evolution of form-

(52) Herzberg, G. “Infrared and Raman Spectra of Polyatomic

(51) Shumanouchi, T “Tables of Vibrational Frequencies™, Consolidated
Vol 1, NSRDS-NBS 19: Vol. II.

", Yan Nostrand: New York, 1945
(53) Khoshkoo, H.. Hemple. S. T ; Nixon, E. R. Specrrochim 4Acta. Part
A 1974, J0A. 863
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Table II. Assignments of Vibrational Bands (in cm™') Observed with High Resolution Electron Energy Loss Spectroscopy of H,CO and D,CO

on Ru(001) and Ru(001)-p(2x2)O*

Ru(001) and Ru(001)-p(2%2)0

mode and sym. for solid®? H,CO D,CO
free formaldenyde H.CO D,CO multilayer #'(80 K) (250 K) multilayer »'(80 K) (250 K)
»(CH,)(B,) 2843 2214 ¥ 2970 2210
2840 2540 2200-2250 2225
7 (CHi(A,) 2831 2095 2850 2100
ACONA,) 1700 1660 1720 1660-1680 980 1690 1640-1660 1020
HCH;)(A,) 1490 1096 1500 1465 1450 1o 1190 1190
#(CH,)(B,) 1230 990 840 620
1215 1195-1240 1015 1025
“CH;)(By) 1M 942 1160 865
lattice 161 152 170 160
* Also lsted are the IR bands of solid H,CO and D,CO.
T features in Figure 6b at 840, 980, 1160, 1450, and 2940 cm™' for
- H,CO and at 620, 865, 1020, 1190, and 2225 ¢cm™' for D,CO
; e maintain their relative intensities and decrease in intensity in
| w', e ' { oyce | unison as the surface is anneaied to progressively higher tem-
% w0 w o ¥ peratures. As these vibrational features attenuate, those due to
T pwo?og Lo a ¥ adsorbed CO increase in y. Consequently, these features
IS \.. cazson, ‘v'| _"".1“:}\ are obviously due to a single adsorbed species which decomposes
| L i ‘*/7\ li to yield CO in this temperature range.
& ¥ s i Ne ~ e MNiw Comparison of the frequencies observed in Figure 6b to those
- 3 ' i expected for paraformaldehyde (630, 900-930. 1090-1100. 1235,
= .,‘ I | " 1470, and 2900-2980 for paraformaldehyde and 620, 835, 970,
L A o3 | 1050-1080, 1130-1160, and 2235 for paradideuterioform-
z | A . a s ‘ i aldehyde*4) confirms that paraformaldehyde is not present on the
\ !  J— Y M ‘ surface. Similar comparisons allow species such as methoxy*!'
L - and n*-dioxymethylene.'’ which have been observed as adsorbed
i ® J \"‘J\ N A products of the interaction of formaldehyde with other metal
e ALY o 3 surfaces, to be excluded.
fmer {2 e - The spectra of Figure 6b are consistent with an »* configuration
L T e < Ly e i 2 [see also Figure 5, bottom panel] for adsorbed formaidehyde,
.1 Wl e e aiom (¥ B, nE analogous to that obtained for the adsorption of acetone on the
e . NN NN - Ru(001) surface.?* Assignments of each of the observed vibra-
- N . S _ tional modes for both #*-H,CO and »*-D,CO are listed in Table

ENERGY LOSS. cm™'
Figwre 6. EEL spectra recorded after exposure of the clean Ru(001)
surface 10 10 L of H,CO {Ilhl and D,CO (nght) at 80 K. The symbol
=a” signifi g of the surface to the indicated tem-
p:ruuru followed by nunhn. to 80 K 10 record the specira.

aldehyde from the clean surface between 120 and 160 K in the
thermal desorption spectra of Figure 1. [n the spectrum for H.CO,
Figure 6a’s (catures which may be ascribed to vibrations or the
frustrated translation of coadsorbed water are observed as
shouiders on both the low and high frequency sides of the mode
due o adsorbed CO at 450 cm™'. A broad envelope of poorly
resolved bands extends from 750 to 1250 cm™. a band due 10 C-H
deformation vibrations is evident at 1420 cm™', and a band due
to C-H stretching vibrations is evident at 2925 cm™'. In the
corresponding spectrum for D,CO, a shoulder at 375 cm™' on the
low frequency side of the CO vibration at 450 cm™' is observed.
which again is due to the frustrated translation of D.O perpen-
dicular 1o the surface.*” Also observed are a weak mode at 600
cm™'. a broad. poorly resoived enveiope of bands between 750 and
1250 ¢m™', and a weak feature due 1o C-D stretching modes at
2200 cm™'  The increase in the intensity of HCO) at 1995-2000
cm”' in these spectra indicates that an additional 0.07-0.08
monolayer of formaldehyde decomposition has occurred upon
annealing o 150 K.

The EEL spectra recorded after annealing to 250 K. Figure
6b. show no change in the intensities of the features due to ad-
sorbed CO. indicating that decomposition has not occurred be-
tween | 50 and 250 K. The remaining bands sharpen and decrease
In intensity. consisient not only with some desorption of the ad-
sorbed species which contribute to these bands but also with
ordering of the remaining 0.03 monolaver of adsorbed species
which has not decomposed. Results of other experiments for
annealing temperatures between 250 and 300 K verify that the

II. The »CO) frequency near 1000 cm™ agrees well with those
observed in analogous #’-formaldehyde compiexes.'*!*3! [n ad-
dition, the frequencies of the W CH,). «{CH,). and p(CH,) modes
agree well with assignments for methylene groups with sp’ hy-
bridization in other compounds, as do the frequency shifts upon
deuteration [(» for H,CO)/(» for D,CO) = 1.32 to 1.35].5!32%
Noteworthy, however, s the slight increase from 980 to 1020 cm™'
of W(CO) upon deuteration and the less-than-expected® decrease
from 1450 to 1190 em™' of 5(CH,) upon deuteration [6(CH,)/
8(CD,) = 1.22]. The origin of these effects can be explained in
terms of a strong interaction between the W CO) and 5(CD.) modes
of n*-D,CO. The description of molecular vibrational mouon in
terms of bending and stretching of isolated units [e.g.. 5(CH,),
nCO), «(CH,), etc.] fails when two (or more) vibrational modes
involving motion of common atoms and belonging to the same
symmetry type have nearly equal frequencies.’**” In this cir-
cumstance, the resulting normal modes of the molecule are com-
binations of the two (or more) types of motion. which may produce
frequencies substanually different than are expected for vibrations
of the isolated units. For n?-H,CO. the »(CO) mode at 980 cm™'
and the 3(CH;) mode at 1450 cm™', both of which are of A’
symmetry for n*-formaidehyde in the expected C, configuration
and derived from A, modes of free formaldehvde (see Table 1),
are largely decoupled due to their disparity in frequency. Thus.

{54) Tadokoro. Kobayashi, M.. Kawaguchi. Y.. Kobayash. A..
Murahashi, S. J Chm Phys. 1963, 38, 703.

(55) Ibach. H.. Mills, D. L. “Electron Energy Loss Spectroscopy and
Surface Vibrauons™. Academic Press: New York. 1982

(56) If hydrogen motion s decoupled (rom other vibrational motion of a
molecule. substitution of deutenium for hy the fr
ol‘mrdrogenxlmd-hy the square roo of the H/DmmnwdH)MD\
- |4l

157) Coithup. N B.. Daly. L. H. Wiberiey. S. E. “Introduction to (nfrared
and Raman Speciroscopy”. Academic Press: New York, 1975
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Figwe 7. EEL spectra of #*-H,CO (left) and #*-DyCO (right) recorded
in the specular direction (bottom) and 5° out of the specular direction
(top).

the 8(CH,) vibration involves almost exclusively relative motion
of the hydrogen atoms, and the »(CO) vibration invoives only
reiative motion of the carbon and oxygen atoms. When deuterium
is substituted for hydrogen, however, the frequency of isolated
4(CD;) mouon shifts to approximately 1450/1.4]1 = 1030 cm™',
where coupling with the »(CO) motion is strong. Thus, the re-
sulting normal mode for #°-D,CO identified as $(CD,) actually
invoives substantial »(CO) motion, and the mode identified as
»(CO) contains substantial 5(CD,) motion.

In dipolar inelasuc scattering, the electrons of the EELS beam
incident upon the surface interact with the ime-dependent electric
field above the surface which resuits from the oscillation of sep-
arated charges in the adsorbed species. exiting the surface in the
near specular direction after losing energy to excite a surface
vibration.* Since the charge separation between the carbon and
hydrogen (or deuterium) atoms of the C-H (or C-D) bonds is
small with respect 10 that between carbon and oxygen of the C-O
bond. strong dipolar scattering is only expected to occur for those
vibrational modes of adsorbed formaldehyde which involve motion
of the carbon and oxygen atoms with respect to each other. Since
the cross for dipolar inelastic scattering is strongly peaked
in the specular direction. rotation of the electron energy analyzer
away from the specular collection g ry where dipolar scat-
tering is dominant attenuates features due to dipolar scattering,
1.e.. those vibrations which involve C-O motion for adsorbed
formaldehyde. with respect to features due primanily to short-range
IMpact scattening, i.e.. those vibrations which involve mainly C-H
{or C-D) motion for adsorbed formaidehyde.’* This is ciearly
illustrated in Figure 7 for both »*-H.CO and #*-D,CO. Com-
parison of the top spectrum for n*-H,CO. at the left of Figure
7. that was recorded with the electron energy analyzer rotated
5% in the scattenng plane away from the specular direction toward
the surface normal. to that below it for specular scattering shows
that the HCO) mode at 980 cm™ is attenuated sharply with respect
to the p-. w~. é-. and W CH,) modes of 7-H,CO at 840, 1165, 1450,
and 2940 cm™'. which maintain their relative intensities. In the
spectra at the right for #°-D,CO. however, both »(CO) at 1020
cm”' and 4(CD,) at 1190 cm™ are attenuated in unison upon
changing from the specular to the off-sp scattenng geometry,
maintaining their intensities relative to each other but decreasing
uniformiy with respect 1o the p-. w-. and »(CD.) modes at 620,
865.and 1225 cm™' The 8(CD,) mode of n°-D,CO at 1190 cm™'
shows much stronger dipolar scattering than the corresponding
8(CH,) mode of n°-H,CO at 1450 cm™'. illustrating the strong
coupling of C-O and C-D motion in this vibrational mode of
7*-D.CO

Returning 1o the spectra of Figure 6. the most notable effect
of annealing 10 350 K [Figure 6¢c| the Ru(001) surface. upon
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Figwre 8. EEL spectra r ded after the indicated ex es of the

Ru(001)=-p(2X2)0O surface w0 H,CO (left) and D,CO (nght) at 80 K.
Also shown in the inset is the EEL spectrum of the p(2X2) oxygen
overiayer.

which »’-formaldehyde and CO and hydrogen from the decom-
positon of formaldehyde are adsorbed. is to decompose completeiy
the remaining 0.03 monolayer of n°-formaldehyde. The CO
coverage 1n spectra (c) of Figure 6 is approximately 0.25 mono-
layer, and, for coverages of CO above approximately 0.20 mon-
olayer. the vibrauonal spectrum of adsorbed CO on Ru(001) not
only shows modes at 455 and 2020 cm™' due o W RuC) and #{CO).
respectively, but also shows weak features at 2450~2490 cm™ due
to the combination loss of W RuC) + »{CO) and at 835-840 cm™'
due to the overtone of W RuC), downshifted from twice the #{ RuC)
frequency due to the anharmonicity of the ruthenium—carbon
bond.”” In addition to these features from adsorbed CO, the
spectrum for H,CO shows a weak feature at 2900 cm™' due 0
a small amount of an unidentifiabie hydrocarbon fragment on the
surface. Some spectra for both H;CO and D,CO recorded after
annealing to temperatures between 250 and 350 K showed bands
clearly attributabie to small amounts (less than 0.01 monolayer)
of coadsorbed n-formate.?® These bands are almost certainly
due to small concentrations of impurities in the adsorbed form-
aldehyde and are insignificant.

D. EELS of Formaidehyde on the Ru(001)-p(2x2)O Serface.
The EEL spectrum of the p(2x2)O overlayer is shown in the inset
of Figure 8. [n addition to the feature at 540 cm”' due to motion
of the oxygen adatoms in threefold hollow sites perpendicular 1o
the surface. a mode appears at 240 cm™' which results from
coupling of the overlayer to a ruthenium surface phonon.*® The
presence of the p(2X2)O overiayer, with an ideal fractional surface
coverage of 0.25, changes the work function of the Ru(001) surface
by +0.20 eV.*' Employing a Ru==0 bond length of 2.05 A*® and
ignonng depolarization effects, this change in the work function
is equivalent to the transfer of 0.02 electron from the ruthenium
surface to each oxygen adatom of the p(2%2)O overlayer
producing a quantifiable increase in the Lewis acidity of the
surface ruthenium atoms.

Spectra recorded after adsorption of 0.6 L of H,CO and D.CO
on the Ru(001)-p(2Xx2)O surface at 80 K are shown in Figure
8a. The sirong mode due to adsorbed oxygen of the p(2x2)
overlayer is visible at 540 cm™', and a broad, weak feature due
to librational modes of a small amount of coadsorbed H.O can

(58) Avery, N. R.. Toby, B. H.. Anton, A. B, Wemnberg. W H Surf Sa.
1982, /22, L574
(59) Topping. J. Proc. R Soc. London, 4 1927. /14,67
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Figwe 9. EEL spectra recorded after exposure of the Ru(001 )—p(2x2)O
surface to 10 L of H,CO (left) and D,CO (nght) at 80 K. followed by
annealing to the indicated temperatures.

be seen at 750 cm™ in the spectrum of H,CO. Modes due to
adsorbed CO from formaldehyde decomposition or background
adsorption of CO are present in both spectra with intensities
indicative of coverages near 0.01 monolayer. The remaining
features in both spectra are due to the presence of #'-f

The band locations and assignments for »'-H,CO and »'-D,CO
are listed in Table [I. The strong band at 270 cm™ in the spectrum
of H;CO and the band at 245 cm™' in the spectrum of D,CO are
due to the frustrated translation of the »'-formaidehyde perpen-
dicular to the surface.

Spectra for 3-L exposures of HyCO and D,CO under the same
conditions are shown in Figure 8b. Although there are slight
changes in the frequencies and relative intensities of some modes.
no clear evidence for any species on the Ru(001 p(2x2)O surface
other than »'-formaldehyde and carbon monoxide is present in
the spectra of Figure 8. This conclusion is in agreement with the
results of a previous investigation of acetone adsorption on the
clean Ru(001) and the Ru(001)-p(2X2)O surfaces,’* where
preadsorption of oxygen stabilized the n' form of adsorbed acetone
with respect to the »° form.

Figure 9 shows spectra recorded after exposure of the Ru-
(001 -p(2%2)O surface o 10 L of H,CO and D,CO., an exposure
that 1s more than sufficient to provide a saturated monolayer of
formaldehyde at 80 K. followed by annealing to the indicated
temperatures. The decrease in the intensities of the modes due
10 n'-formaidehyde in the spectra of Figure 93, measured after
annealing 10 |50 K. compared to the spectra of Figure 8b, indicates
that approximately 80% of the »'-formaldehyde has desorbed by
this temperature. This correlates with the thermal desorption
peaks at 130 and 150 K for formaldehyde on the Ru(001)-p-

(2x2)O surface, shown in Figure |. The attenuation of the bands
due to n'-formaldehyde is accomp d by the of bands
in the frequency range expected for - fomu.ldd:yde. at 875, 1008,
1130, and 1440 cm™' in the spectrum for H,CO and a single. broad
band centered at 985 cm™! in the spectrum for D,CO.

Spectra recorded following annealing to temperatures between
150 and 300 K demonstrate that the broad envelope of bands
between 750 and 1250 cm™' in the spectra for both H,CO and
D,CO changes shape as a surface reaction proceeds which forms
the products evident in the spectra of Figure 9b. Significant
decomposition of n’-formaldehyde occurs in this temperature
range, as evidenced by the increase in the intensities of the modes
due to adsorbed CO. Furthermore, the bands due to »'-form-
aldehyde decrease in intensity in this temperature range. and bands
near 800 and 1300 cm™' grow concomitantly with the disap-
pearance of the n'-formaldehvde at annealing temperatures be-
tween 200 and 250 K. These bands are due to n°-formate’®
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produced by the reaction of n'-formaldehyde with the oxygen
adatoms of the p(2%2)O overlayer. Slight desorption of n'-
formaidehyde also occurs in this temperature range. producing
the very weak desorption rate maxima between approximately |80
and 300 K in the thermal desorption spectra of Figure | (right).
No n'-formaldehyde is evident in the EEL spectra for annealing
temperatures greater than 250 K. At J00 K [Figure 9b], bands
due 10 0.04 monolayer of »*-formate are present at 800 and 1330
cm™ for HyCO and at 795 and 1305 em™ for D,CO. In addition.
bands due to 0.01 monolayer of n’-formaldehyde are evident at
990, 1145, and 2960 ecm™' for H,CO and at 1010 and 1150 cm™
for D,CO. The high intensity of the »(CO) mode in these spectra
(990 and 1010 cm™') relative to the other modes of n’-form-
aldehyde is probably a result of the perturbation of its bonding
interaction with the surface due to the presence of the coadsorbed
oxygen of the p(2x2)O overlayer. This perturbation is also ev-
idenced in the increased stability of »°-formaldehyde on the
Ru(001)-p(2x2)O surface; on the clean Ru(001) surface. de-
composition of »*-formaidehyde is complete by 300 K.
An:-hn.to‘NKdﬂunm-mtmwnglr’ formaldehyde,
a fraction of the n*-formate, and desorbs a fraction
of the CO from the surface. The remaining »*-formate persists
to 450 K on the Ru(001 )-p(2X2)O surface, and its decomposition
the broad, weak desorption feature for hydrogen between
400 and 470 K in Figure 3c.®
EEL spectra recorded after annealing to temperatures sufficient
to desorb all the hydrogen and CO from the surface show the
features at 240 and 540 cm™' due to the p(2X2)O overlayer with
intensitues from those observed pror to the adsorption
of formaidebyde at 80 K. This verifies that little or no con-
sumption of the oxygen adatoms of the p(2X2) overlayer by
reaction with formaldehyde or its dissociation products occurs
under these experimental conditions.

1V. Discussion

The »' and #* coordination geometries identified for form-
aldehyde in the EELS results reported here can be understood
qualitatuvely in terms of the interaction of the valence orbitais of
the surface metal atoms with the highest occupied and lowest
unoccupied molecular orbitals of free formaidehyde.’* An »'
coordination geometry results from overlap of a single lobe of the
nonbonding oxygen lone pair orbital of formaidehyde (at 12.0 eV
below the vacuum level for free formaldehyde*'] with a ds hybrid
acceptor orbital of the metal, resulting in a net transfer of electron
density from the ligand t0 the metal surface. Presumably due
to the low amplitude on the oxygen atom of the rco® antibonding
orbital of formaldehyde [at 3.1 ¢V above the vacuum level*'], little
backdonauon from the metal to this orbital occurs, as judged by
the weak perturbation of the vibrational frequencies for »'-form-
aldehyde relative to the frequencies of free formaidehyde (cf. Tabie
II). The role of the metal in this type of interaction is that of
a weak Lewis acid, and the resuiting metai—-formaidehyde bond
is correspondingly weak. For exampie. the thermal desorption
spectra of Figure | indicate binding energies between 7 and §
kcal/mol*’ for the desorpuon features attributabie to n'-form-
aldehyde at 130 and 155 K.

An n? coordination geometry results from overlap of the xcq
bonding orbital of formaldehyde [at 14.6 eV below the vacuum
level*'] with a ds hybnd acceptor level of the metal. along with
backdonation from the metal into the rco* antibonding orbital
of the formaldehyde.*? The strength of this interaction. and.
therefore. the probability of its occurrence relative to the n' in-
Leraction, depends critically on the ability of the ligand—metal bond
to facilitate backdonation. since in the abs of backdonation
the r donor bond is weaker than the lone pair donor bond which
produces »' coordination. The importance of backdonation and

(80) Toby. B. H.. Avery. N. R.. Anton, A. B.. Weinberg. W H.. in
preparatica.

(61) Hess. B.. Bruna, P. J.; Buenker R. J.; Pq"lmhnﬂs D. Chem. Phys.
1980, /8, 267

(62) Dewar, M. J. S. Buil. Soc. Chim_ Fr 1981, /8. C79 Chau. J.
Duncanson. L. A. J. Chem. Soc. 1953, 2939
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the function of the metal as a Lews base in this type of interacuon
is evidenced in the results obuined in structural studies of -
aldehyde compiexes.'*2 where in all cases nearly compiete reh-
ybridization of the acyl carbon from sp® to sp’ occurs. and the
carbon—oxygen bond order for the aldehyde ligands is lowered to
nearly one.

The rco® antibonding orbital of free l‘ormldehydt is ap-
proximately 1.] eV lower in energy than the orbital
of free acetone [rco® at 4.4 ¢V above the vacuum level for
acetone*']. This decreases the disparity in energy between this
orbital for formaldehyde and the highest occupied levels of the
metal with which it interacts in »* bonding. [acilitating increased
backdonation for formaidehyde with respect 1o acetone. Several
aspects of the comparative chemistry of these two ligands can be
correlated with this difference. First, the only w-acetone compiex
isolated thus far has the acetone coordinated 10 an electropasitive
antalum center.* whereas v’-formaidehyde compiexes have been
synthesized with more clectronegative csmium'® and ruthenium™®
centers. Furthermore, r*-formaidehyde on Ru(001) shows A CO)

near 1000 cm™, whereas »(CO) for r’mm Ru(001) is near
lJOOan"“mdn:m'm-mm of the acyl
carbon due to backdonation for w'-formaldehyde than for »-
acetone. Finally, the more extensive rehybridization evident for
n'-formaldehyde on Ru(001) resuits in a lower barrier to its
dissociation, explaining the fact that significant decomposition
of formaidehyde, presumably through »*-formaldehyde and v-
formyl intermediates, oocurs on the clean Ru(001) surface at 80
K (cf. Figure 4), whereas decomposition of #*-acetone on the same
surface begins near 200 K.**

It is interesting to compare data for the y*-formaidehyde ligand
in organometallic complexes with our results for #-formalidehyde
on Ru(001). The interacuon of formaldehyde with single os-
mium'? and vanadium'® centers as well as the oxidation of co-
ordinated methylene at a rhenium center’® produces the »*-
formaidehyde configuration shown in (b) in the bottom panel of
Figure S (R = H). The carbonylauon of a zirconium hydride
forms a bndging r*-formaldehyde.’! as in (¢) in the bottom panel
of Figure 5. Also of interest is a configuration like that of (d),
which has been observed for »’-acetaldehyde (R = CH,) in a
dimolybdenum compiex.* All of these compounds have car-
bon—-oxygen bond lengths between 1.35 and 1.59 A, and those that
have been characierized by vibrational spectroscopy have »CO)
between 1012 and 1160 cm™'. in good a with our results
for n*-formaidehyde on Ru(001). The low frequency of HCO)
for n*-formaldehyde both on the Ru(001) surface and in these
organometallic pounds clearly indi that the acyl carbon
has undergone extensive rehybridization from sp’ to sp’. A
distinction among these possible bonding configurations for »?-
formaldehyde on Ru(001) is not possible, since the vibrational
spectra would differ only in the unresolved, low frequency vi-
brations which involve motion of the bonds that coordinate the
n*-formaldehyde to the surface.

Although little vibrational data exist for #%-formyl ligands in
homogeneous organometallic compounds, several structures of
n*-formyl have been characterized analogous to those shown in
().’ (c).”" and (d)*? in the top panel of Figure 5. Those with
the structure (b), in which the carbon and oxygen atoms are
coordinated to a single metal atom, show »{(CO) frequencies
between 1450 and 1600 cm™'. and the low frequency (1180 cm™')
for K CO) of n'-formyl on Ru(001) thus suggests that the »*-formyl
on this surface is coordinated 10 at least two surface ruthenium
atoms. Hence, structures (c) and (d) are regarded as the most
likely for n°-formyl on Ru(001).

It should be noted that a detailed analysis of the point-group
symmetry properties of the adsorbate compiex. as was carried out
successiully for n'- and n'-acetone on Ru(001),2* cannot be done
in a straightforward manner for adsorbed formyl or the adsorbed
formaldehyde species on Ru(001). Since the dominant contri-
bution 10 inelastic electron scattering from hydrogenic vibrations
is expected to be via an impact rather than a dipolar mechanism

163) Wood. C. D.. Schrock. R. R. /. A4m. Chem. Soc 1979, 10/, 5421
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at the electron beam energy empioyed for the EELS measurements
reported here, all vibrations involving hydrogenic motion are, in
principle, active in both specular and off-specular EELS mea-
surements.”* For a molecule like formaldehyde in which the
skeletal configuration is defined by the orientations of C-H bonds,
the polarizations of skeletal vibrations with respect to the symmetry
elements of the adsorbate—surface complex cannot be determined
by the standard technique of noting the dipolar activity (or in-
activity) of signature skeletal modes for specular scattering and
applying the “dipolar selection rule™® to determine bond orien-
tatons. For exampie. the appearance of the {CH) vibration in
the spectra for w*-formyl does not rule out the possibility that the
w-formyl is adsorbed in a configuration with C, symmetry (with
the carbon, hydrogen, and oxygen atoms lying in a mirror sym-
metry plane perpendicular to the surface), even though the (CH)
mode would be dipolar inactive in this configuration. Indeed, C,
symmezry is expected [or both w*-formaldehyde and n-formyl on
Ru(001), in analogy to w*-acetone.

The conditions that lead to the formation of n*-formyl and
w’-formaldehyde provide a consistent picture of the mechanism
of formaldehyde decomposition on the ciean Ru(001) surface. For
low exposures of formaldehyde to Ru(001) at 80 K, total de-
composition to adsorbed CO and hydrogen occurs. This indicates
that the activation energy for dissociation of w*-formaldehyde on
Ru(001) at low coverages is less than 4.8 kcal-mol™ *#  As binding
sites for the hydrogen from decomposition are occupied, further
decomposition is inhibited sterically, stabilizing both the partial
decompaosition uct n*-formyl over a small exposure range
[Figure 4a] and »'- and w’-formaidehyde at coverages approaching
a saturated monolayer [Figure 4b]. Annealing to temperatures
beiow the onset of hydrogen desorption renders probabie the
complete decompasition of 7*-formyl and additional decomposition
of »*-formaldehyde, as »'-formaldehyde is desorbed and hydrogen
adatoms become mobile, exposing the necessary binding sites for
the products of n*-formaldehyde decomposition. For example.
the apparent activation energy for the decomposition of »*-form-
aidehyde at 150 K. 9 kcal-mol™', represents the stenc barrier which
n*-formaldehyde must overcome under these condiuons to find
binding sites to accommodate the decomposition products, hy-
drogen and CO. on the surface. These conciusions are supported
by the resuits of EELS measurements for adsorption of form-
aldehyde at 80 K on the Ru(001) surface precovered with a
saturated monclayer of hydrogen adatoms.® Only »'- and n*-
formaldehyde are observed at 80 K for all submonolayer coverages,
and very littie decomposition is observed until hydrogen desorption
commences near 275 K, whereupon decomposition of n*-form-
aldehyde proceeds rapidly.

The effect of hydrogen coverage on the rate of dissociation of
n°-formaidehyde has another important consequence for the in-
terpretation of the experimental resuits reported here. If -
formaidehyde has a charactenistic activation energy for molecular
desorption (i.c., heat of adsorption) less than the actuvation energy
for recombination and desorption of hydrogen from the Ru(001)
surface. at high surface coverages. where the binding sites for the
products of the decomposition of m-formaldehyde on the Ru(001)
surface are filled and further decomposiuon is unfavorabie, mo-
lecular desorption of w*-formaldehyde would occur. Consequently,
the desorption of molecular formaidehyde from the clean surface
at 275 K for high surface coverages (cf. Figure |) is due to the
desorption of w*-formaidehyde. The high binding energy of this
adsorbed species on Ru(001) (approximately 115 kcal-mol™')
makes the formation of »*-formaidehyde far more favorable than
the formation of paraformaldehyde on the Ru(001) surface. This
estuimate of the binding energy is based on the observed rehy-
bridization of the n*-formaldehyde and should not be confused
with the activation energy of desorption of m*-formaidehyde which

(64) The activation energies [or these surface resclions are esumated by
g first-order -mch . &Wlu for umimolecular decom-
p and | factor of the reaction rate
coefficaent of 10" 47 Th:uuuummy E,. mmmmwmm
that the charactensuc ume of the reaction 1s approximately | s, e, 107"
expl|£,l/kT)
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is approximately 16 kcal-mol™'.

The results of these considerations for the surface chemistry
of formaldehyde adsorbed on both the clean and Ru(001)-p-
(2x2)O surfaces may be illustrated by overall reaction schemes
for the monolayer species adsorbed on both surfaces. Initial
exposure of the clean Ru(001) surface to formaidehyde at 80 K
produces adsorbed CO and hydrogen from decomposition

H,CO(g) = CO(a) + 2H(a)

Once decomposition has progressed to approximately 0.15 mon-
olayer of formaldehyde. subsequent exposure produces 0.02-0.03
monolayer of #*-formyl

CH,0(g) — »*-HCO(a) + H(a)

Heating the surface upon which n?-formyl is adsorbed to 120 K
decomposes the n’-formyl. Further exposure to formaldehyde
produces both »'-formaldehyde and 0.10 monolayer of »*-form-
aldehyde

H,CO(g) —= '-H,CO(a)
H,CO(g) = n*-H,CO(a)

The n'-formaldehyde desorbs molecularty between 120 and 160
K

7'-H,CO(a) — H,CO(g)

exposing binding sites for the products of the decomposition of
0.07-0.08 monolayer of n’-formaidehyde

n-H,CO(a) — CO(a) + 2H(a)

As the surface is heated to 300 K, hydrogen desorption begins.
and decomposition of the remaining 0.03 monolayer of »*-form-
aldehyde follows rapidly. Hydrogen is evoived from the surface
in a desorption rate-limited step between 250 and 350 K. and CO
is evolved from the surface in a desorption rate-limited step at
480 K

2H(a) — Hy(g)
CO(a) = CO(g)

Exposure of the Ru(001)-p(2x2)O surface to formaidehyde
at 80 K produces »'-formaldehyde

H,;CO(g) = »'-H,CO{a)

Negligible decompasition of formaidehyde is observed under these
conditions. Heating the surface to 150 K desorbs approximately
80% of the n'-formaidehyde

n'-H,CO(a) — H,CO(g)

with conversion also to - I'ormaldehydc Further heating of the
surface to 300 K pr appr ly 0.08 layer of CO
from the decomposition of n*-formaidehyde and produces ap-
proximately 0.04 monolayer of n*-formate from the reaction of
n'-formaldehyde with the oxygen adatoms of the p(2x2)0O
overlayer

n'-H,CO(a) + O(a) — »*-HCOO(a) + H(a)

This reaction as well as the decomposition of »*-formaidehyde
produces hydrogen above its characteristic temperature of de-
sorption from the Ru(001)-p(2x2)O surface. Thus hydrogen
atom recombination and desorption follow rapidly in the tem-
perature range between 250 and 300 K. Approximately 0.01
monolayer of n*-formaldehyde remains on the surface at 300 K.
Further heating decomposes the remaiming n°-formaldehyde, and
decomposition of the n°-formate occurs between 400 and 450 K

7°-HCOO(a) — O(a) + CO(a) + H(a)

Again. hydrogen desorption follows rapidly. The CO from de-
compaosition is evolved from the surface in a desorption rate-limited
step at 450 K. The p(2X2) oxygen overlayer is left intact on the
surface.
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The appearance of n°-formyl as an intermediate 10 the de-
composition of adsorbed formaldehyde on Ru(001) has important
implicauons for the mechanisuc of surface catalyzed
CO hydrogenation reactions.'*#* Although the reaction of co-
ordinated CO with hydrogen from borohydride donors has been
shown to produce »'-formyl compiexes of rhenium®<” and iron™
under homogeneous conditions, this reaction. represented sche-
matically as [R = alkyl or alkoxide, L = Cp, PPh,, NO, CO,
and/or P(OCH;);)

BR,H" + L, M¥(CO) — BR; + L ,M(n'-HCO)*!

involves direct nucleophilic attack by the electron-rich hydrogen
atom of the hydride donor at the carbonyl carbon. The resulting
compounds are either neutral [N = +1%77] or are negatively
charged [N = 0%®]. At no point is molecular hydrogen. nor an
intermediate meta/ hydride, involved in this elementary reaction.
Furthermore, the resulting »'-formyl is only weakly stable, and
the weakened carbon—oxygen bond of »'-formyl relative to that
of the CO which can be formed by its decomposition to the
hydrido-carbony| product drives the equilibrium for the decom-
position reaction, represented beiow, to the right!27-30.32

L.M(»'-HCO) = L + L, M(H)(CO)

A more realistic model of the elementary CO reduction reaction
which must occur under catalytic conditions involves
migratory insertion of CO into a metal hydride bond*®

CO + L.MH — L .M(HCO)

Thus far. only one such reaction has been observed under ho-
mogeneous conditions, where the reaction of CO with an oxophilic
thorium hydride [(n*-C;Me;);Th(H)(OR), OR = alkoxide lig-
and ] produces an w?-formyl like that shown in Figure Sb (upper
panel). The ability of the singie metal center to coordinate the
formyl product in an #* configuration was considered crucial to
the occurrence of this reaction, since the metal-oxygen bond which
is formed increases the stability of the formyl product. shifting
the equilibrium for the formyl decomposition reaction toward the
desired #*-formyl product and away from the hydrido—carbonyl

X183 Another route to stabilization of the formyl product
invoives the use of multipie coordination centers for the CO hy-
drogenation reaction. Two such reactions have been observed
under homogeneous conditions, one involving the reaction of CO
with a tantalum hydride dimer’'

[(n*-CsMe Et)Ta(Cl);H]; + CO —
(7*-CsMe,Et);(CD Tay(H)(7*-HCO)

to produce an n*-formyl product, the structure of which is like
that of Figure 5c (upper panel), and another invoiving the reaction
of a tungsten carbonyl compound with a zirconium hydride’?

(Cp);W(CO) + (n°-CsMey),Zr(H), —
(Cp); We=CHOZ:(H)(n*-CsMey),

10 produce a “carbene-like” #*-formyl complex, the structure of
which is like that of Figure 5d (upper panel). The n* interaction
not only stabilizes the n°-formyl intermediate. increasing the
likelihood of its formation, but also increases the likelihood of
subsequent attack by hydrogen to form formaldehyde interme-
diates, leading to oxygenated products, and to carbon—oxygen bond
cleavage, leading to hydrocarbon products.®®

From these results concerning the mechanism of CO activation
and reduction under homogeneous conditions, the importance of
the n°-formyl observed in the decomposition of formaldehyde on
Ru(0Q1) is clearly evident. This result illustrates the ability of
an extended metal surface to provide the proper coordinauion
geometry for this species and supports strongly a surface reaction
mechanism for CO hydrogenation which proceeds through an
n*-formyl intermediate. This. coupled with the isolation of stable
n*-formaidehyde on Ru(001), supports also the following reaction
mechanism for methanol decomposition on Ru(001)® and suggests

(65) Masters, C. Adv. Organomer. Chem. 1979, /7. 61
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that the reverse reactions may well represent a plausible path for
methanol synthesis on Ru(001):

CH,0H(g) — CH,0(a) + H(a)
CH;0(a) = n*-H,CO(a) + H(a)
7-H:CO(a) = r*-HCOa) + H(a)
n*-HCO(a) — CO(a) + H(a)

It is interesting to note that a reaction sequence analogous to the
reverse of the above set of reactions has been ted 1o explain
the formation of methanol from CO and hydrogen by Ru,(CO),,
under homogeneous reaction conditions.'’ Our observations should
be interpreted as lending support o this prop

V. Semmary

The important conclusions of this work may be summarized
as follows: 1. Initial adsorption of formaldehyde on the ciean
Ru(001) surface at 80 K is dissociative, producing adsorbed CO
and hydrogen. As binding sites for hydrogen adatoms become
occupied, the total decomposition is inhibited, leading first to the
formation of #’-formyl and then to molecular adsorption of
formaidehyde in both »' and #* configurations. 2. Heating of
the ciean surface after 3 monolayer saturation exposure to form-
aldehyde at 80 K causes the n'-formaidehyde (1o desorb molecularty
and the »*-formaldehyde to decompose (to adsorbed CO and

hydrogen). The clean Ru(001) surface is active for the decom-
position of approximately a quarter-monolayer of formaidehyde
under these conditions. 3. The presence of a2 p(2X2) oxygen
overlayer on the Ru(001) surface increases the Lewis acidity of
the surface ruthenium atoms, and adsorption of formaldehyde at
80 K on the Ru(ODl)-—p(ZXZ)O surface produces vibrational
spectra characteristic of »'-formaldehyde for all submonolayer
coverages. 4. Heating of the Ru(001)=p(2Xx2)0 surface after
a monolayer saturation exposure to formaidehyde at 80 K causes
the »'-formaldehyde to desorb , with some conversion
to n*-formaidehyde. lnadd:umwdmpumonoflhew‘-
formaldehyde to CO and hydrogen, reaction of »'-formaldehyde
with the oxygen adatoms of the p(2Xx2)O overlayer 10 produce
w*-formate occurs between 150 and 300 K. The Ru(001)-p(2x
2)O surface is active for approximately one-half as much form-
aldehyde decomposition (via both w*-formaldehyde and »*-formate
intermedistes) as the ciean surface under these conditions. 5. The
appearance of w’-formyl and w’-formaldehyde as stable inter-
mediates in the decomposition of formaidehyde on Ru(001)
supports a reaction mechanism for CO hydrogenation to methanol
under heterogeneous conditions which includes these species as
important intermediates.
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Appendix 3

The Interaction of Ethylene with the Ru(001) Surface

[This chapier was publishad ac a paper by M. M. Hills, J. E. Parmeter, C. B. Mullins and W'. H. Wein-
crg. i Tre Jourral of the Americar. Cherizal Socicry 1986, 108, 3554.]
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Abstract The interaction of sthylene with the Ru(001) surface has been investugated via high-resolution electron energy loss
spectroscopy and Lhermal desorpucn mass SPECLIOMELry. meﬂuﬂyuwuhﬂulml(.a-o-w
molecular ethylene » present on the surface. Competung desorpuca of molecul deh yd: 10 form adsorbed
ethylidyns (CCH,) and acetylide (CCH) as weil as hydrogea mmmhnvnammy 150 and 260 K. The
ethylbdyne o stable 10 approuumately 130 K. whereupon it begina 1o decompaons 1o carbon and hydrogen adatoms. The desorpuon
of hydrogen occurs ia a sharp peak centersd at 355 K, resulung from i ethylidyns decomposition and desorpuion
of surface hydrogen. Further annesling of the overiayer 1o 180 K causes cleavage of the carbon—carbon bond of the acetylide,
creating carboa adatoms aad adsorbed methylidyns (CH). The methylidyns decomposss above 500 K with accompanying
hydrogea desorpucn, leaving only carbom adatoms os the surface a1 700 K.

L. Introductien

The adsorption and reaction of ethylene on single crystalline
surfaces of the groups 8=10 transition metals'~'” have been the
subject of intense study both as a prototype for olefin hydro-
genavon and dehydrogenation reactions'™?! and to provide a basis
for companng the bonding of olefins to surfaces with the bonding
that has been observed to occur in multinucicar 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 weil as the thermal
decomposition nmmydthemmm\mrymddy Fw
exampie. ethylene rehybndizes to a di-e-bonded molecul
when adsorbed on Fe(110), Fe{111), Ni(110), Nl(lln Nl(S(lll)
X (110)], Pr(111), and PY(100),'"” whereas molecularly adsorbed
ethylene on Co(001) at 115 K is w~bonded.” 23 1 ethylene adsorbed
on Pd(111) at 150 K and on Pd(110) at 110 K.4*"'" A mixed

" In ths paper (he FOup ROLALOR 1A parenthesss s 18 accord with
recent namhlUPACu‘AGqum A and B
of wide fu Groups LA and (LA becoms

mplulk'l\- groups ) through | 2, and
the pmmum-‘-r—- 13 :in-.h 18, (Note that the former
Roman sumber desigasuos s preserved 1a the last digit of the numbenng:
eg. 11l = ) and 13)

TAT&T Beil Laboratones predocioral lellow

' Link Foundauion predocioral feilow.

Appi. Surf Sci. 1988, 22/23, 369
: < Donaid,

overtayer of v~ and di-e-bonded ethylene forms on Pd(100) at 150
K.'“!S Ethylene adsorption on the Ru(001) surface has been

n!('l)lrh’ W.. Bare. A. M. McBresa. P.. [bech. H. Swy. Sci. 1982 /20,

(2) Seip. U Tomii M.-C.. li-l. J.: Erd. G. Swy. Sci. 1984, 147, 65,

(J) Surenme, J. A Bare. 5. R. Ha W. Swry. Sci. 1984, /48, 499,

(4) Latrwaid, S [bach. H. Swrf. Sau. 1979, 89, 425,
J(!o)JCm'.l.t3.;$h|-.1'.K..l.h-'nmt.\iv‘ E. Chem. Phys. Lent. 1988,
113, 6

(6) Demuth, J. E. Sw. Sa. 1 &84, 314,

(7) Summnger, H.; Ibach, H.: L‘nH.S.Swf, Sci. 198 117, 685.

(8) Albar, M. R Sessdon. L G.. Plummer. E. W Swrf. Sa1. 1984, 147,
127.

(9) Gatms, J. A Kenmodal, L. L. Swy. Sci. 1982 /20, L461.

(10) Gawm. J. A.. Kesmodel, L. L. Surf. S I.l. 12¢. 68

ill)Ty—W,f-Ny-‘G.l_Ll-Ll.Mthn Chem. 1984,
88, 1960.

(12) R L Szy L. Chem. Phys. Letr. 1983, 96, 243,

(13) Kesmodel, L. L,; Gawes. J. A. Swrf Scx. 1981, [11, L7147

(14) Sewve. E. M. Madiz. R. J. /. Phys. Chem. 1988, 89, 105

(13) Swsve, E M. Maduz, R. J.: Brundie C. R. Swrf. Sci. 1988, /52/153,
$32

r (;;; Dubow, L H.: Castaer, D. G.; Somoryas. G. A. J. Chem. Phys. 1988,
. 5234
(17) Gupta. N. M_; Kambie, ¥V S_. lyer, R. M. J Caral. 198438, 437
(18) Chesters, M. A, McDougall. G. S.; Pemble. M. E.. Sheppard, N

(19) Bowdarn, M.. M M. A. J Phys. Chem. 1984, 33 2115.
(20) Heana-Olivk. G.. Otiwd. S. Angew Chem., /im. Ed. Engl 1976 13,
136.
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studied recently by Barteau and co-workers.2 A detailed com-
parison between our more compiete study and the preliminary
results of Barteau et al.¥ is presentsd in section V.

The thermal decompomtion of ethylens (ultimately o hydrogen
nndndmﬂrhul)unlhcnrf_muu-dlmmhn

i uoa oa Fe(110), Nl(lll).
Ni[5(111) x (110)], and Ni(110) are acetylens and
(CCH).'3+# Mndua-lSuwhﬂmhldthfmtmd
a vinyl group from ethyiens adsorbed on Pd(100)."4 O Co(001)
and Fe(111) no stable surface intermedistes were observed:
chemisorbed ethylens evidently dehydrogenates compietely just
beiow rooem temperature to carbon and bydrogen ™ Ou Py(111),
RB(111), Pd(111), and Pt(100), chemisorbed ethylene debydro-
genates to form ethylidyns below 00 K.'*443 Thus, ethylens
adsorbed on the close-packed surfaces of each of the 4d and 3d
groups §-10 metais studied previously forms ethylidyne.* On
mmm«hyhlmtdnmdm-ﬁu-dlh

more
or directly to carbon. Hence it is of fundamentai interest to
determine whetber ethylene adsorbed om the Ru(001) surface
behaves as it doss ocn the other 4d and 5d transition-
metal surfaces studied previously [Rh(111), Pd(111), Px(100),
and Pt(111)] or whether it debydrogenats more compietaly, as
it doss om the bexagonal Ni(111) and Co(001) surfaces.

[L Experimestal Precedures
The expenmental were dectad in rwo differem
uitrahigh (UHY) ch 3. each with buse pressures beiow |
X 107 rorr. The first UHV chamber i equipped with a quadrupole
MAS IPECITOMSLT. 3 uagle pasm Cytindrcal mirror clectroa energy ans-
lyzer wvih an ntegral clactron gus (or Augsr cisctron spectroscopy, and
LEED cpuca. All thermal demorpucs smsurements were carned out 18
this chamber: data were collecied by usiag as LSI-11 DEC laboratory
. and linear b g rotas of 5=15 K/3s wers empioyed. A glam
s placed d the iomizer of the mass spectrometer, and 3
small apsrtare ia the fromt of the glass cuvelops permwts sampling of gas
that u desorbed only (rom the weil-onentsd (roat of the nagie crysal
Thus the effec:s of desorpuce (rom the edge of the crystal, the support
hb.n:lh-m-hnm“fr-mmd—-—

m'-umcmmm-wmw
trometer and 3 home-built EELS spactrometer of the Kuyati-Simpses

type.7® The energy disperung ciements in the EELS mosochromator
and rotatable u-ln- are 180° mm The “ofl-
spacular® EEL spactra were lyzer 7-10°

r-u-mmmm-d—-—; All EEL spuctra
were measured umng 3 beam coergy of 4 ¢V and with the incadent beam
approuumatsly 60° from the surface normal. The vetrumental rescluticn
(Mall-wndth at baif of the ek Al gred psak) vaned
betwesn 60 and 80 cm ™', wu--n-qul-n-dnm
3 X 107 cps in the eisstic pmak. A-us—nd-m'n-dm-
UHY chambers as well as the pr Uowed for
muu—.mlumnmuh—«-—n-w
previously. 7*®  The cleaniinems of the surfaces was momitored with
Auger speciroscopy 1a the (irst chamber aad with EELS in the second.
n—mmym_mmsmucr pmdu-n-nl
cthylens (99.5%) were purch (rom punty
tmumyu—(NM)mmrmum The H,.
Dy, and C;D, were used furtber punf) the C;H,
was subjecisd 10 (resze~thaw—pump cycia pror 1o wss. The punty of

|-(ili:b|lu. R S.: Teviandm, L L /ad. Eng. Chewn. Process Des. Dev.
o2 Bartama. M. A Broughten, J. Q.; Memmsi, D. Apyd. Swy. Sci. 1984,

(23) Nomch. H. Pr ot the Pro imge of the L Confar-
eacs on Vibranoms s Adsorted Layers, Julich, 1978 paper 64.
u(zg:‘h!ﬂllm)-ﬂl—r—mulm ciose-pacted

x

suparstrecture.
(23) Huimass, P Haaz, K. Maller, K. Swy. Sci. 1979, 82, 427.
(26) Feuiner, P.. Mexasl. D. J. Var. Sa1. Techand. 1998, 17, 662
(27) Thomas. G. E.. Wernbarg, W_H. Phys. Raw. Levr. 1978, 418 1181
(23) Thomas, G. E.; Wenberg, W. H. Rew. Sci. /nstrum. 1979, 50, 497
(29) Williama, E. D.. Weinberg. W H. Swy Sct. 1979, 82, 93
(30) Willmes, E. D: Wasbarg. W H. J. Var. Sa. Techaod. 1982, 20, 134.
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Figare |. Thermal desorption spectra after C;H, adsorption on Ru(001)

3t 90 K: (a) C;H, and (b) H,mfdbnnculunmsrnp

sure asd (c) H; desorpuon [ g & 0.2-langm p ..

all gases was verified in situ with mass spsctrometry.

L Resmits

Typecal thermal desorption spectra following exposure of the
Ru(001) surface to | langmuir (| langmuir = | X 107 toer 3)
or more of C,H, at 90 K are shown in Figure la and 1b.!' Only
bydrogen and ethylene are observed to desorb from the surface.
In parucular, no ethane, methane, or acetylene is detected as
Judged by the absence of 30 and |6 amu peaks and by comparson
of the 28, 27, and 26 amu psaic 10 the craciang pattern of ethylene.

Figure |b establishes that most of the hydrogen, after an
cthylens exposure exceeding 0.6 langmuir, desorts in a sharp peak
centered at 135 K (independent of coverage), with a small

ture shoulder above 400 K and a broad tail extending
from 500 to 700 K of which the latter represents 10—-135% of the
desorbing hydrogen. It will be shown beiow that the major peak
corresponds 10 the desorptioa of hydrogen enhanced by the de-
compasition of ethylidyne (one of the decomposition products of
ctlrylens), the shouider corresponds to desorption-iimited hydrogen
from the surface, and the high-temperature tail corresponds to
the debydrogenation of surface methylidyne (another decompo-
siuoa product). The thermal desorption spectrum of molecular
ethylens (cf. Figure 1a) shows that ethylene desorbs in a sharp
peak centered nenr | 10 K, followed by a broad peak of which the
tail extends to approximately 250 K. As discussed below, EEL
spectra of the surfacs on which ethyiene is adsorbed and which
is annealed 10 vanous temperatures show that the bigher-tem-
perature peak corresponds to the desorption of di-e-bonded
ethylene, while muitilayer cthyiene desorbs in the lower-tem-
perature pmik. The “muitilayer” peak shown in Figure 12 actually
corresponads 10 oaly desorption from a secoed layer. This mul-
tlayer psak doss not saturate with increasing cthylene exposure,
however, and is sufficiently intense following a | 5-langmuir ex-
pasure of ethylene that it obscures the desorption peak due to
chemisorbed ethylene.

For lower exposures of cthyiene, below 0.6 langmuir, the hy-
drogen thermal desorption spectra are quite different. The thermal
desorptioa specurum of H,; after an ethylene exposure of 0.2
langmuir, sbown in Figure |c, contains a high-temperature tail
termananng betow 600 K that 13 due 1o methylidyne decompositon
and a rather broad peak centered at 420 K that shifts to lower
temparature as the inital surface coverage of chemmorbed ethylens
increases. The latter is essentally identical with that which is
observed after adsorption of hydrogen oa the clean Ru(001)
surface.” The maximum rate of H, desorption shifts from 420

y of the w08

(31) All exposures reportsd are for the
gauge 10 Lhe vanous gases.
(32) Shamuzn, H.. Clr-ul-.K..Eru.G J. Catal. 1998, 61, 412
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Tabie L Comparmona of Vib Fr of ilayer C;H, Adsorted on Ru(001) st 80 K with C,Hu(g). C;H(1). and C,H.(3)*
CiHu()? C,Hu (D)™ CHu(a)™ multilayer C,H,
no/repr. mode Ramas IR Ramas IR IR om Ru(001)
o Ay »(CH,) 3026 r 3019 3016 1000
pet™ud r 2989 983 73
» By #(CHy 3103 r 3078 1098
wby r 3108 o83 oS
" Ay «CO) 1623 r 1621 1620 1616 1630
" Ay CH, sca. 1342 r 1340 1339 1336 1350
ns By r | 4ds 1437 1438 1460
re Ay CH; twmt f r ~1010 ar.
v By, CH, rock r 1236 1239
"o Bn r 10 13 27 160
» By, CH, wag t 949 48 s70 910
By 950 r 943
r(ReC) 440
no. /repr. mode C,Dup)¥ multilayer C,D, oa Ru(001)
Ay #(CDy 291 2310
», By 2200
By »(CDy 2304 a.r.
seBa 2343
" A, HCO) 1518 1550
” CD, scis. 91 1015
3 By 1078 1178
A CD, twist ™ n.r.
v By, CD,; rock 1009 n.r.
e By 586
~ B, CD, wag 120 738
n By 730
»(RuC) 425
‘n.r. = nor rescived. [ = (orbedden.
K for an ethylene exposure of 0.2 langmuir to 195 K for a 0.4~
langmuir exposure and then drops 10 155 K for all ethylens ex- 970
posures excesding 0.6 langmuir. The decrease n peak temperature W
for exposures of ethylene beiow 0.6 langmuir is indicative of i
second-order desorption kinetics of surface hydrogen. For thess ]ﬁ"”
lower exposures of ethylene, below 0.6 langmuir, no desorption Il 1
of molecular ethyiens is observed. \uo i
Figure 2a and 2b shows the EEL spectra of 4 langmuir of C;H, !
and J langmuir of C,D,, respectively, adsorbed at 30 K on the e
Ru(001) surface. Consistent with the thermal desorpuion spectra, = 1 ,vuo
a companson of the observed energy loss features to [R and bt €30
Raman spectra of gaseous, liquid. and solid ethyiene (cf. Table & /
[4334) demonstrates that the overlayers of Figure 2 correspond z
to molecular multilayers. Note the intense CH, wagging mode =

at 970 em™', which 1s the best fingerprint of molecular ethylene
mululayers, and also the carbon—hydrogen strewching mode at 3000
cm™'. The frequencies of both these modes are charactenstic of
an sp’-hybndized carbon atom. Table [ also shows that the sotope
shufts for mululayer C,D, on Ru(001) are in good agresment with
those of C,D,(g).

Annealing these overiayers to |10 K desorts the muitilayer,
as shown in Lhe thermal spectra (cf. Figure 1a), leaving
di-o-bonded ethyiene which i3 stable to 150 K. The EEL spectra
of this chemisorbed species are exhibited in Figure Ja for C,H,
and Figure 3b for C,D,. demmm
10 nearly sp’ is reflected in the shifts of the CH, wagging mode
and the carbon—hydrogen swretchung mode to 1145 and 2985 cm™',
respectively. The shoulder at 1640 cm™' is probably due to the
carbon—carbon stretching mode, but it 1s poorly resoived from the
CH, twisting mode in C,H, and the CD, wagging mode in C,D,
both of which are at 300 cm™ A carbom—carbon stretching
{requency of 1040 cm™ is consistent with the rehybridization of
the carbon atoms of ethylene to sp’. Other modes of di-o-bonded

(33) Shimanouchs, T VSRDS-VAS 1972 J9. 74.
(34) Brecher. C.. Halford, R. S. J. Chem. Phys. 1961, J5. 1109

[ ‘nlu 230
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Figwre 2. EEL spectra of jul s of ethy on Ru(001):
(u‘humwdCH.ulOKnd(blJlmwdCD.nlOK

ethylene are the symmetric ruthenium—carbon stretching mode
at 460 cm™' (420 em™ for C,D,). the CH, rocking mode at 775
em™', the CH, twisting mode at 900 cm™' (700 em™' for C,D,),
and the CH, scssoring mode at 1450 cm™' (1210 em™ for C,D,).
The CD, rocking mode of di-¢-bonded C,D, was not resolved in
Figure 3b due to the poorer cutoff in the elastic peak. The
symmetric ruthenium-carbon stretching mode of di-e-bonded
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Tobie [L. C mom of Vibr I F d C,H, on Ru(001) at 130 K with Other Chermisorbed Ethylens Species. Gaseous
Ethyiene C ds, Org ilic Ethylene C and a Surface Methylens Specias®
di-e-C,H; on gauche K[PCly- Nir  CHjon
Ru(001) Ni(110)® Ni(111)* Fe(110)' Fe(111)* Pr(111)’ C Hi(g)* C,H.Bry(g)" (C, H.)IH,O” !C.H.)“ Ru(001)*
mode C,H, (or CHy)
#(CM) 460 420 450 430 580 470 76 n.r.
7, (CM) a.r. ar. 610 410 430 360 ar.
CH; rock 778 718 720 120 n.r. 660 326 848 841 910 788
CH; 1wt 900 150 880 913 870 790 r 1104
CH, wag 1148 1145 1110 1108 n.r. 980 949 127 L] 1180 1158
CH; scusors 1450 1435 1430 1410 1385 1430 | 444 1420 1515 1208
»(CH,) 2940 970 2930 1960 980 2980 919 2953 3013 380 2965
»(CH,) 3joso nr. a.r nr. n.r. 3000 1096 3008 Jo7s 2908 nr.
~CC) 1040 nr. 1200 1250 1S 1060 1623 1019 ' 1243 1438
mode C,D,
»(CM) 420 1%0 420 S8z 450
#,(CM) ar. nr. 590 nr. nr.
CD, rock n.r. (18] 6350 635/340 a.r. 586 72
CD; twst T00 728 740 700 600 r 1
CD, wag 900 925 870 850 140 720 947
CD; scusors 1210 1235 1200 1040 1150 1078 1141
»(CDy) 2210 2170 2170 2175 2150 2251 2174
»(CDy) 2293 22%0 2270 nr. 22350 2304 pradl
“CC) n.r. n.r. n.r. 1160 900 1518 1014

“f = (orbedden. n.r. = not resoived.

INTENSITY, cps

) \x1

i i A 1 L i L
Q 500 1000 1300 2000 2200 3000
ENERGY LOSS, em™
l'tp! 3. EEL spscira of di-e-bonded ethylene on Ru(001): (a) 4

. of C;H, ed 10 139 K and (b) ) laagmur of C,D, an-
nealed to 123 K.

C.D, aiso contains a small contribution from »Ru=C0O). The
sy 1€ and asy 1C carbon—hydrogen stretching modes
of C;H, at 2940 and 3050 cm™' were rescived in spectrs umular
1o Figure la.

Peak [ for di-o-bonded ethylene (both C;H, and
C;D,) on Ru(001) are compared in Tabie Il with those of other
chemusorbed ethylene species as weil as IR data for C,H,Br,(g).
C,Hu(g). Zewse's salt, and a low-valent nickel cumpiu [Ni=
(CHH"”-‘”’-“ A of the frequencies of the modes
of di-o-bonded C,H, on Ru(001) to these data shows that cthylene
undergoes rehybridizauon on the Ru(001) surfaces as on Ni(110),
Nu(lll) and Fe(110).'** The existence of a r-bonded ethylene

lecule can be excluded by a comparisoa to the [R data for

(35) Hirashi. ] Spectrochum. Acta. Part A 199 254, 749
(36) Qun. G. A. J. Am. Chem. Soc. 1978, /00, 47%0.

Zese's salt and Onmn's nickel compiexes, which have, among other
differences, higher frequency CH; rocking modes and carbon=
carbon stretching modes.

A comparisoa of EEL spectra of di-e-bonded ethylene with
spectra of diazomethane led to an onginal assignment of the
spectrum of Figure Ja as a bndging methylene species.’’
However. 2 sutsegquent review of these and other spectra has shown
that the reacton of CH;N; to form C,H, and N, may occur in
the gas dosing lines prior to introduction into the UHV chamber.
An asugnment of EEL spectra-of uncontarmunated diazomethane,
which produces s;-CH; groups on Ru(001), is listed in the last
columa in Table [I. Addiuoanal vibrauonal data concerming
bridgang methylene may be found eisewhere. ™’ The adsorpuon
of C,H, on Ru(001) with annealing to0 110 K produces di-«-bonded
molecular ethylene, which can be distinguished from u;-CH. by
the iatense CH, twisting mode at 900 cm™'. [n agreement with
this conclusion. the thermal desorption spectra of ethyiene on
Ru(001) show desorption of molecular ethylene up to 250 K.

In an effort 10 describs further the ch er of the di-¢-bonded
ethylene on Ru(001), isotopc exchange, thermal desorption ex-
penments of coadsorbed C;H, and C,D, were carmied out. In all
casas, only C;H, and C,D, desorbed from the multilayer. How-
ever, all five sotopecally labeled species (C;H,. C;H,D. C;H.D,,
C,HD,. and C;D,) appeared in the di-e-bonded ethylene that
desorbs molecularly. Figure 4 shows the relative rauos of these
five species that desorb molecularly above 150 K. These ratios
were obtained by correcung 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 relauve sensitivity of the mass
spectrometer (10 each species. (These rauos exciude multilayer
C,H,and C,D,) Figure 4 shows that exchange i limuted,
and no rmuxed speaas (C;H,D. C;H;D,, or C;HD,) 11 favored over
the other twa. On the other hand, the corresponding H,/HD/D,
thermal desorption spectra exhibited compiete isotopic exchange.
The above resuits suggest that the 1sotopic mixing observed f(or

(37) George. P. M. Avery, N. R.. Wanberg, W H.. Tebbe. F N. /. Am.
Chem. Soc. 1993, /03, 119).

(38) EEL specura of 2.5 langmwr of H,CN, dosed at 0 K. anneaied w0
192-316 K and cooied 10 80 K pror 10 messurement.

(39) Fox. D. J.. Schasfer, H. F. J Chem. Phys. 1943, 78 128

(40) Theopoid, K. H.. I-ul. R G.J Am. Chem. Soc. 1981, [0J. 2489

(41) Oxtom, . A_. Poweil. D. B.. Sheppard. N Burgmas, K. Jobnson. B.
F G.. Leww. J. Chem. Scc.Chcu Commun. 1982, 719

(42) McBrusa. P. H.. Eriey. W . Ibach. H. Swf Sa. 1984, /44, 292.

(43) Chang. S-C.. Kafafi. Z. H.. Hauge. R H.. Billups, W E.. Margave.
J L.J am. Chem. Soc. 1988, 107, 1447
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Tabie 0L C mon of Vibr I F of Ethylidyns
CCH, on CCH, on CCH, oa CCH, oa
moda Ru(001) at 280 K Pd(111) st 30O K* Py(111) at 300 K’ Ra(111) at 30O K'* (CO)oCory(uyrCCHy)*

7 (CM) A, L 430% 409 435w 450 401

(CM) E nrt nr. 600 w ar. 553
»CH,) E 1000 a.r. 980 sh ar. 1004
#CC) A, 1140 1080 s 1130w 1130 1163
4,(CH,) A, 1370 1334w 1355 »» 1350 1356
&(CH,) E 1450 1400 1420 sh n.r. 1420
#(CH,) A, 2943 2900 m 1920 2900 2888
#(CH,) E 3043 ar. 3050 3000 2930

Deusersied Spumces

7 (CM) A 430 nr. 410 393
#(CM) E nr. nr. ~600 536
»(CDy) E 800 nr. 790 128
HCC) A, 1150 1120 1160 1182
4(CDy) A, 1000 ar. 990 1002
4,(CDy) E nr. n.r. 1030 1031
»,(CD,y) A, 21%0 um 2080 n.r.

»,(CD,) E 2230 nr. 2220 2192

‘nr. = not s fied from spectra sumilar w0 that of Figure Sa but without CO comtarmnsuon.

..- (a)

COVERAGE, ARBITRARY UNITS

.--

CeDy Calyn Colyhy GOy Gy,
ISOTOPICALLY LABELLED SPECIES

Figwre & Cosdsarpuon of C,H, and C,D, Reiatrvs coverspm of C,H..
[ H,D C;H;D,, C;HD,, and C,D, !t- tharmal desorpoos spectra: ()
0.6 of C,H, lollowed by } langmuur of C;D, at 110
Km(;} | -langmur exposure of C,H, lollowsd by ) laagmusr of C,D,
at 110
chemisorbed ethylene that desorbs molecularly results from ex-
change between an cthylens admolecule and a hydrogen (or
deutennum) adatom. since the onset of desorption of the mixed
molecular ethylene specyes (C,H,D..,. | S xr 5 J) coincades wmith
the imuai decompasition of ethylene to ethylidyne, acetylide. and
surface hydrogen via carbon—hydrogen bond cleavage.

Annealing di-¢-bonded ethylene 10 250 K produces two new
carbon-containing surface species as weil a3 hydrogen adatoms.
The modes due to surface bydrogean were not resolved in the
corresponding EEL spectrum shown in Figure Sa. The weak
losses of hydrogen adatoms. which occur at 845 and 1115 em™ *
were obscured by vanous carbon—hydrogen and carbon—carbon
modes. However, the presence of hydrogen adatoms was con-
firmed by stoich ic iderations and hydrogen postad-
sorption expeniments which will be discussed later. The two

g
E- 810 1290
2 |
E | Q00 l 2960 (b)
z| | ] ]
1A
J 3010

(c)

0 3500 000 1500 2000 2500 3000
ENERGY LOSS, em™
Figwre . EEL specura of 4 langmer of C,H, adsorbed oa Ru(001) at
830 K and anseaied 1o (a) 280, (b) 360, and (¢c) 500 K. Spectrum a
umhuu-nﬂ.dhﬂuhyhdyunﬂwnyhﬁ. Spectrum b s

suc of ylide. Specirum ¢ correspoads 10 methylidyse

a3 ethylidyne and acetylide from the EEL spectrum of Figure Sa,
the m-pnﬂn; EEL spectrum of the deuterated species. ofT-
pecul ements, and EEL spectra measured fol-
lowing unqhu to various temperatures.

Peak assignments for CCH, and CCD, are compared in Tabie
II1 w IR data for 2 tncobalt ethylidyne complex as well as EELS
results for ethylidyne adsorbed on vanous close-packed groups
8-10 metal surfaces.*’-'*4! A triruthenium ethylidyne compiex
has also besn synthesized. but no reievant [R data have been
publisbed.* For all of the ethylidyne adspecies listed in Tabie
111, the carbon—carbon stretching mode produces a strong. dipolar
enhanced peak By analogy to the structure of the tnruthenium
and tricobalt compounds, and idering the
relative of the (dipol hanced) carbon—carbon
stretching modes, the carbon—carbon bond axis of each of the

hydrocarbon fragments present on the surface have been identified

’l“l Bartsmu. M. A, Broughtoa. J. Q.; Menzei, D. Swf Sai. 1983, /13,
-“

(43) Sluaser, P Howard. M. W Oxtwon. [. A.. Kettle. S. F A.. Poweil,
D. B.. Sheppard. N. /. Chem. Soc.. Faraday Trans 2 1981. 77, 120]
. (46) Shesdnce. G. M.. Yesunowsin, J. P. /. Chem. Soc.. Dalton Trans 1978,
873
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methylidyne adsorbed on Ru(001) are also in agreement
with those of (CO),Coy(u;-CD).

All of the methylidyne modes are eliminated by annealing the
Ru(001) surface above 700 K. After this annealation, weak modes
near 600 and | 100=1600 cm™ are observed which are attributed
10 #(RuC) of carbon adatoms and dimers and »(CC) of carboa
dimers. Thess modes are present in the EEL spectra of both C,H,
and C,D,. No other features are present in the high-temperature
EEL spectra. supporting the thermal desorption resuits winch show
compiets desorpuion of hydrogen (and ethyiene) below 700 K.

Bearing in mind what we have learned from EELS concerning
the decomposition of sthylene on Ru(001), we now return to a
more detailed analyss of the thermal desorption spectra. In the
cass of ethyiene adsorbed on the Ru(001) surface, thres reactions

Table [V. Comparmos of Vib | Freg of Acetylide” modes of
CCH on CCH oa
mode Ru(001) a1 360 K Pd(100) s 400 K"
7 (CM) 438 ar.
7,(CM) n.r. Ar.
HCH) 750 750
»CH) 2960 3000
«CC) 1290 1340
mode cCcD cCD
7 (CM) ar. ’r.
7 (CM) n.r. nr.
#CD) 550 540
~«CD) 210 2220
«CC) 1260 1340
‘Ar. = ‘ rescived.
nhyhdyv- adspecias is nearty 0 the surface planse.

perpsadicular
of the EELS losses for CCH, and CCD, on Ru-
(ODI) with [R data for (CO)yCoy(uy-CCH,) and (CO)yCoy
(4y~CCD,) (cf. Table [1I) shows that the structure and bonding
of the ethylidynes in the two cases are quite similar,

The acetylide spacies is characterized by a carboa—hydrogen
bending mode at 750 cm™', 3 carbon—hydrogen stretching mode
at 2960 cm™', and a carbon—carbon sretching mode at 1290 em™.
The vibratonal modes of acetylide are partially obscured by the
mmmmmnmdmymmmmyw
presant in Figure 4a is approximately 3:2, on the bams of hydrogen
thermal desorption measurements. Aanealing this overiayer 1o
360 K decomposes the ethylidyne, leaving acstylide, carbon, and
a small concantration of hydrogen adatoms on the surface. Thus
the modes of the acetylide are compietely resoived in spectra
measured after annealing the overiayer 1o 360 K (cf. Figure 5b).
This acetylide aiso forms from the thermal decomposition of
acetyjene and = discussed in greater detail in the foliowing paper. <
We merely note bere that these asignments agree quits weil with
thoss of Kesmoded et al. for acetyiide on Pd( 100) for which 4 CH)
i3 750 em™', HCC) is 1340 cm™', and »(CH) is J000 cm~' 4*

The EEL spectra of the deuterated acetylide show that the
carbon—deuterrum bending mode of CCD downshifts 1o 550 em™
from 750 em™' for CCH (cf. Tabie [V), which compares weil with
the value of }(CD) of 540 cm™' for CCD on Pd(100).4** W¢
also observe a slight shift in »(CC) from 1290 cm™' in CCH 10
1260 em™ in CCD and the expectad shift in »(CD) from 2960
em™ in CCH to approzimately 2210 cm™' in CCD. These losses
persist up o 180 K where cleavage of the carboa—~carbon bond
of the myldcmfmn. surface carbon and methylidyne.

The adsorbed @ ideatified from the EEL s
of Figure 5S¢ with »(RuC) at 465 cm™', $(RuCH) at 310 em™',
and »{CH) at 3010 cm™ of winch the latter two are significantly
higher than the corresponding modes of the acetylide. The dis-
appearance of the 1290-cm™ carbos—carbon stretching mode of
mvlﬂcumeS@Kaﬁmuuwm
acetylide and methylidyne. The mode at 570 cm™ in Figure ¢
1s the carbon—metal streiching mode of carboa adatoms and /or
carbon dimers. The broad festure at | 100~1600 cm™ may be
atinbuted to the carbor—carbon stretching mode of thess dimers.
The vibrauonal modes of the methylidyne are compared in Table
V to those of high-temperature (T > 400 K) methylidynes on
vanous transition-metal surfaces. as well as tricobalt and tri-
ruthenium uy-CH complexes. ' 342103533 Our aaugnments agres
quite well with those of methylidyne adsorbed on the Fe(111),
Ni(111), and Pd(111) surfaces and are consistent with those of
the organometallic compiexsms. The motopc shifts of the vibratonal

(47) Purmesar, J. E.; Hilla, M. M.. Wanbarg. W H. /. Am. Chem. Soc.,
following paper 1 this sws.

{48) Kesmodel. L. L. Vec. Sci. Technol., 4 1984, 2, 1083,

(49) Kenmnoded, L. L. Wadill. G. D Gesm. J. A. Swy. Sct. 1984, /138, 4bd.
(50) Demuth. J. E: Ibnch, H. Swy. Sci. 1978, 78, L2338

(51) Eriey, W ; Mclt—.PH.[hn.HJCaulﬂJ.um

(52) Omton. . A. Specirochkim. Acta. Part A 1982, 38, 181,

(33) Howard, M. W Kette. S. F.. Oxton. L. A.. Poweil. D. B.; Sheppard,
N.. Suaser, P. J. Chem. Soc., Faraday Trans 1 1981, 77, 197

surfacs below 400 K, namely, (1) C,H, deb-
m 0 CCH(a) and 3H(a), beginning at 150 K: (2) C,H,
dehydrogenation to CCHy(a) and H(a). aiso beginming at 150 K:
and (3) CCH, decompasition 10 2C(2) or C;{a) and JH(a), be-
ginning at 330 K. As shown in Figure b, a large ethyiene
exposure produces a sharp peak at 355 K with a shoulder near
400 K in the hydrogen thermal desorption spectrum. [ollowed by
a long, high-temperature tail. Since the high-temperature tail
corresponds exciusively 10 methylidyne decomposition and rep-
resents a small fraction of the total hydrogea Lhat is desorbed
(approximately 10%), a bydrogen mass balance requires that the
desorpuon which cocurs below 500 K corresponds to surface
hydrogen from acetylide and ethylidyne (ormauon as well as from
ethylidyne decomposition.

For rather low exposures of ethylene, beiow 0.6 langmuir, the
hydrogen thermal desorpuon spectra are quite different. although
the EEL spectra of all coverages of ethylene adsorbed on Ru(001)
are qualitauvely the same. The thermal desorption spectrum of
hydrogen following a low ethylene exposure contains a promunent
peak (which shifts as a function of coverage) and also a bigh-
temperature tad (cf. Figure 1c). As shown by the EELS results.
the tail corresponds 1o hydrogen desorption that is limited by
methyiidyne decomposition. The hydrogen desorbang in the major
peak is due to surface hydrogen from ethylene decomposition Lo
ethrylidyns and acetylide and ethylidyne decomposition to surface
carbon, as is the bydrogen desorbing in the 355 K peak following
bigher sthylens exposures. The shift in this peak as a function
of ethylene coverage indicates that the desorption of this hydrogen
is desorpuon-Umited. This is confirmed by experiments conducted
on the carbonaceous residue that remains after annealing to 700
K the ruthenium surface which had been exposed to 0.4 langmuir
of C;H, at 100 K. Hydrogen was adsorbed on this carbonaceous
mumnmm-wmm:
carned out. The thermal

that this peak is due to desorption

The sharp peak at 355 K in the thermal desorption spectra of
bydrogen foliowing an exposure of ethylens exceeding 0.6 langmuir
consists of surface hydrogen formed from ethylene decomposition
at lower temperatures (1350-280 K) and driven by the presence
of that bydrogena from ethylidyne decompasition. The maximum
rate of the latter cocurs at 355 K. The high-temperature shoulder
on this peak (near 400 K) corresponds 1o desorpuon of residual
surface hydrogen. That the sharp peak at 355 K and its high-
temperature shoulder are derrved from surface hydrogen has been
confirmed by hydrogen postadsorption experiments. First, the
Ru(001) surface was exposed to 5 langmuwr of C;H, at 50 K.,
anneaied to 800 K. cooled to 90 K. and exposed to 3O langmuir
of bydrogen. A subsequent thermal desorption spectrum (Figure
6b) shows a peak at 155 K with a high-temperature shoulder.*
A comparison with the hydrogen thermal desorption spectrum
after an exposure to0 § langmuir of C;H, (Figure 6a) shows that
less bydrogen is present in the 155 K peak of Figure 6b and that
the leading edge of the peak in this spectrum is not 30 sharp. Thess
differences are due solely to the presence of ethylidyne decom-

(34) EEL specura of this adlayer support the presence of only carbon and
hydrogen adatoms: (8 parucular, no modes of methyhdyne are cbeerved.
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Tabie V. C won of Vibrational Freg of Surface Methylidyne Species to Those of (CO),Coy(uy-CH) and (CO)H,Ru,(uy-CH)
CH oa CH on CH on CH on CH on (CO)H Ruy (C0),Coy-
mada Ru(001) Fe(111) Fe(110)'>® Ni(11 D) Pd(111)*® (uy-CH)* (u-CH)?
«CH) 3010 30138 3050 2980 3002 2988 3041
HMCH) 810 795 380 790 762 194 850
(%)
7 (MC) “5 670 718
(ay)
r (MC) ar. 424 417
(®)
«CD) 2250 2264
HMCD) 615 680
(e)
#,(MC) 43 596
(8y)
7 (MC) . 410
(e)
< >
; ;
E &
ze z2
" 23
£3 £
=
13 i3
x (a) =33
B [« 20w ]
5< 52
23 v
@ @« .2, ()
3 1, 2aMy {7] % 220, |
P — A L e
LT T 70 30 40 00 &6 70

TEMPERATURE, X
Figwe & Hy‘_lwmlm(l)u—ndJ
hnp-udc.l'l..l.dlbl posure of 3 | C;H, [ by

Lag to 800 K, ul)&ndu—!-wh—udﬂ..

position in Figure 6a and its absence in Figure 6b.

In a second expenment, the rutbenium surfacs was exposed
to 0.4 langmuwr of C,H,, (ollowed by | lu.mu.irofH,nOOlL
A subsequently measured thermal
(Figure 7a)vumhhthﬂdb-m|mumd0lhnm
of C;H, (Figure 7b). Rather. it appears qualitatively similar to
that observed after an exposure of | langmiur of C,H, (cf. Figure
1b) in that both spectrs contaun sharp peais at 155 K. The major
difference between the two spectra of Figure 7 is that more hy-
drogen adatoms are present in spectrum a. and this is reflected
in the much more procunent bigh-temperature shoulder. Fur-
thermore, more ethylidyne s formed reiative to acetylide following
the postadsorption of hydrogen. suggesting that this branching
ratio is a function of hydrogen coverage. This will be discussed
in greater detail in section [V.

To summarize, at all coverages cthylene adsorbes in a di-e-
bonded configuration that decomposes to ethylidyne, acetylide,
and surface hydrogen above 150 K. The ethylidyne debydroge-
nates above 130 K. generating addiuonal surface hydrogen. The
surface hydrogen desorts at a temperature which decreases with
increasing coverage following cthylene exposures below 0.6
langmuir and at 155 K following higher exposures of ethylene.
The acetylide decompases 10 carbon adatoms and methylidyne
near 380 K. Finally, methylidyne decomposes. evoiving hydrogen.,
after annealing above 500 K. For exposures of ethylene beiow
0.6 langmur, compiete decompantion of methylidyns occurs below
600 K. For higher ethylene exposures, the carbon adatoms (which
are present in a higher concentration on the surface) stabilize 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 fracuonal coverage of ethylene
which desorbs mol riyasaf of ethylene exposure 13
presented in Figure 8.

TEMPERATURE, K

Figwre 7. Hydrogen thermal desorpuon [ollowing exposures of (a) 0.4
langmur of C,H, lollowed by 1 langmwr of H; and (b) 0.4 laagmwr of
C,H, at 100 K.
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IV. Discussien

As described in section [11. ethylene chermusorts on the Ru(001)
surface in a di-e~bonded configuration (at a surface l.anunmn
below 150 K) and at 80 K d into a molecul yer
that resembies the free ethylene molecule (cf. Table [). As may
be seen in Figure 2. all five [R-active modes of ethyiene appear
in the EEL specira of the molecular muitilayer. [n addition. the
carbon—carbon strewching mode, the CH, rocking mode, and the
asymmetnic CH, scissoning mode were resoived in some spectra.
These modes are excited via an impact scattenng mechanism.

Chemisorbed ethylene, which is stable below 50 K, is di-o-
bonded to the Ru(001) surface, and assignments of the observed
vibrational modes are listed in Table [I. This molecularly
chemusorbed ethyiene on the Ru(001) surface appears to undergo
a somewhat greater degree of rehybridizauon than it does on the
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Ni(110), Ni(111), and Fe(110) surfaces.'”* The differences in
frequency berween the CH, twisting and scissoring modes of C,H,
on Ru(001) and oa Fe(ll1) are not unexpected sincs cthylene
on Fe(111) is severely tiitad with respect t0 the surface plane such
that two hydrogens are subject 10 multicenter interactions, which
are mainfested by a softsned »CH) mode at 2725 cm™'.? This
distoried geometry downshifts both the CH, wagging and scis-
soring modes.

Rather little can be said conclusively concerning the symmetry
of the di~e-bonded ethylens on Ru(001). wdmw
selecuion rule would imply that the symmetry of the adsorbate—
substrate compilex s C,, nincs both the CH, rocking and twisting
modes appear in figure Ja. However, EEL spectra measured
off-specular show that thess modes are largely impact excited.
and therefore, the dipolar seiection rule doss not apply. Hence,
the sy y of di-e-bonded ethylens on Ru(001) remains in-
determunast. A near-edge X-ray absorptioa (ime structure
(NEXAFS) study of ethyiens adsorbed oa Pt(111) at 90 K by
Horsicy and co-workers®® has shown that ethyiens is symmetrically
di-e-bonded 10 two platinum atoms with the carboo—carbon bond
axis parallel 1o the surface and a carbos—carboa bond length of
1.49 & 0.03 A. We expect that di-¢-bonded ethylens would be
adsorbed simularty on the Ru(001) surface.

Barteau et aL 2 have reported a di-e-bonded ethylens speci
oa Ru(001) with a carbon—carbon stresching mods at 330 cm™'.
Our results indicate that their asugnments are incorTect. however,
for the following ressons. First, they adsorbed ethylens at 170
K. 2 temperature at which we have shown that di-e-bonded C,H,
has begua 10 decomposs forming a mixed overlayer of C;H.(a).
CCHy(a). CCH(a). and H(a). Thus the modes they identify as
resulting from di-e-bonded C,;H, are in fact a combinatioa of
di~e-bonded C;H,, CCH,, and CCH modes. The 1130-cm™' loss
which they assign 10 »(CC) is actually the 4,(CH,) mode of
ethylidyne. Thus (eature becomes mors intenss with (urther an-
nealing which decomposes the C,H,(a) and producss more
ethylidyne. Secoad, our EELspunoIC,D.ulu(wl)w
nealed at 170 K show clearly that the previous sssignment™ i
incorrect, because the | 330-cm™ ioss downshifts 10 1000 cm”! in
the deuterated spectra, and there are no modes of comparabie
intensity 1o the | J00-cm ™' mode betwesn 1150 and 2190 cm™' in
the deuterated spectra. Bartesu and co-warkers™ did not measure
any EEL specira of deuterated ethylens and thus could not dis-
ungush carbos=carbon vibratonal modes from hydrogen modes.
A comparison of the EEL spectra of C,H, and C;D, 15 essential
10 the correct identificanon of these vibrational modes. As shown
in Tables [I=1V, EEL spectra of C,D, on Ru(00l) annealed
betwesn |10 and 400 K confirm our mode assignments (or the
three adspecies, di-w-bonded ethylene, ethylidyne, and acetylide.
Finally, we note that a carbon—carbon stretchung i of 1040
cm™ s more reasonable than one of 1330 com™' for am sp’-by-
brdized hydrocarbon sp and it is consi with Lhe car-
bon—carbon stretching mode observed at 1135 cm™ (or acetylens
chermusorbed on Ru(001).*” It would be expectad that (CC) of
chermusorbed ethylene on Ru(001) would be lower than this value,
ruling out the asugnment of the | 145<m™' mode 1o »(CC) of
C,H, Furthermore, the | 145<<m™' mode shifts considerably (to
‘Kf:)ém") in the spectra of C,;D, and cerainly cannot be due o
" B

No LEED patterns other than the (1 X 1) of the substrate were
otmerved for the ethylene overiayer berwesn 50 and 300 K. Hence
LEED measurements cannot axd in 3 determination of the ethylene
surface structure or absolute coverages. However, thermal de-
sorpuon results for C;H, and H; have been used 0 esumate the
cthylene coverage using the known saturation (racuonal coverage
of hydrogen (0.85).”) The ethylene coverage (excluding the
multlayer) is pr d as a [ of ethylene exposure in
Figure 8a. From thus figure, we see that the saturation (fractional)
coverage of chemisorbed ethylene is approxumately 0.30. Figure
8a was used also to obtain the initial probability of adsorption

5 (35) Horsley, J. A, Sidhr, J.; Kosstaer, R. J. J. Chem. Phys. 1988, 83,
146,
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of ethyiens at 100 K, which was found to be unity within the lirmts
of experimental uncertainty. The activation energy of desorption
(equal to the heat of adsorpuon) of di-e-bonded C,H, was esti-
mated (rom the thermal desorpuon measurements. When the
method of Redhead is used and a preexpooential factor of
10'3-10'* 3~ is assumed. s value of approzimately 11.6 & |
kcal/mol is obtained. Considering the changes in bond streagths
due w0 rebybridization of the carbon atoms, we have also estimased
that the binding energy of di-#-bonded cthylene is betwesa 105
and 13$ kcal/mol. Thus the observarion of a low hest of ad-
sorption for chemisorbed ethylens om Ru(001) does not imply

dmnuah(ul)mmﬁrudbyhmw
desorption spectra in which approximately 25% of the total hy-
drogen desorbed from the serface at 300 K. the same temperature
at which ethylidyne was shown to form via EELS.Y Unfortu-
nately, the hydrogen from ethylidyne formation remains adsorbed
on the Ru(001) surface, ultimately desortang with hydrogen from
ethylidyne decompaosition. Hence we are unabie to confirm di-
rectly the stoichiometry of the ethylene decompaosition products
from hydrogea thermal desorption spectra. The ethylidyne on

Ru(001) begins to at approsumatety 330 K. whereas
the ethytidyns formed on Pt(111) is stable 0 400 K.” The reduced
stability of ethylidyne ca Ru(001) is undoubtedly due to the
stronger metal—hydrogen and metal—carbon bonds formed on the
ruthenuum surface, which makes the decomposituon of ethylidyne
via metai-hydroges and metal~carbon bond formation more fa-
vorable both thermodynamically and kineticaily.

The identification of ethylidyne and acetylide as the decom-
position products of di-e-bonded ethylene on Ru(001) can be
contrasted to the resuits of Barteau et al.Z who only identified
ethylidyne. We also nots that Barteau assigned the o(CH,) mode
of ethylidyne 10 a loss at 870 em™. We observed no such mode
in our EEL spscira and cannot account for this discrepancy but
merely mentioa that our assignment of the 1000-cm™' loss to
2(CH;,) and the observed isotopic shift to 800 cm™ for p(CD,)
are in agresnant with the (requences cbesrved for other ethylbdyne
species.

Our EEL spsctra of the thermal evolution of ethylidyne and
acstylide oo Ru(001) and complementary thermal desorptioa
spectra show that virtually all of the ethylidyne dehydrogenates
to surface carbon below 360 K, leaving onily CCH(a) and H(a)
on the surface. Thus an EEL spectrum measured after annealing
to 360 K (Figure 5b) contains only the icss (eatures of acetylide,
permirting unambiguous identification of this intermediste. The
observation of the carboa—hydrogen bending mode of acetylide
at 280 K, prior 1© the onset of ethylidyne debydrogenation, implies
that acetylide is not a decomposition product of ethylidyne.
Further proof of this assertion comes from CO and C,H, coad-
sorption experimenta.’®

By anaiogy to all relevant organometallic ethylidyne complezes
synthesized to date, it is aimost certain that the carbon—carbon
bond axis of ethylidyne on Ru(001) is very nearly perpendicular
to the surface. This coafiguration is also supported by the strong
intensity of the »(CC) mode of etbylidyne at 1140 cm™ in the
EEL spectrum of Figure 5a and its predomunantly dipolar
character. Furthermore it is very probabie that ethylidyne is
bonded 1o the Ru(001) surface in a threefoid hollow site both by
analogy to the trimetal 4,-CCH, 434 and b
ethylidyne has been observed only on hexagonal surfaces.*™'¢ A
further indication of this bonding of ethylidyne on Ru(001) is
provided by NEXAFS results of ethylidyne on Pt(111),** which
showed that the ethylidyne is symmetncally bonded to three

(56) Redhend. P. A. Vacuum 1961, 201.

(57) Ibach. H.. Mills. D. L. Electron Energy Loss Spectroscopy and
Swiace Videstioar. Academuc: New York 1982

(58) Hilla, M. M. Parmeter. J. E. Wanberg. W H.. unpublisbed results.
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piatinum atoms with the carbon—carbon boad axis essentially
perpendicular to the surface.

Next, we consider the effects of simuitansous ethylidyne de-
compasition and hydrogen desorption on the observed shape of
the hydrogen thermal desorpton psak. When the Ru(001) surface
on which ethylene is adsorbed (exposures above 0.6 langmuir) is
annealed to 300 K. hydrogea desorption is observed. [n these
measurements. hydrogen desorbs at ths low temperature due o
its higher surfacs coverage. As the overlayer is annealed to 330
K. additional hydrogen desorba, and ethylidyne begins to dehy-
drogenate, repleaishing tbe supply of surface hydrogen. Thus
:nn.euyhdy-.uu-ollu;lhnl

sorption peak a sharp leading edge. Companng Figure 6a and
6b, it is clenr that the high-tsmperature shoulder on the 355 K
hydrogen thermal desorption psak resuits from residual surface
bydrogen.

For thess higher exposerss of ethylens, the temperature of the
hydrogen thermal desorption psak remains at 355 K independent
of coverage. Ethylidyne decomposition dictates this hydrogen
desorption since the desorption of hydrogen occurs at a lower
temperature in 2 broader peak at higher hydrogen adatom cov-
erages (from the adsorption of hydrogsn). The adsorpuoa and
decomposition of ethylens at high coverages is otherwiss identical
with that (or lowsr coverages with thres exceptions. First, a
multilayer of ethylens forms which desorbs at 110 K. Second,
soms of the di-+~bondad ethylene desorts (cf. Figure 8b). Finally,
the ratio of ethylidyne o acetylide that is formed is increased.
Recall that annealing to 400 K the Ru(001) surface on which
ethyiene s adsorbed not only decomposses the ethylidyne but siso
causes cleavage of the carbon—carbon bond of the scetylide, leaving
methylidyne and carbon adatoms. The high-temperature tail of
the hydrogen thermal desorption peak after ethylene adsorpion
corresponds to dehydrogenation of methylidyne. Consequently,
the ratio of ethylidyne 1o acetylide that is formed from ethyiene
can be obtained from the relative areas of the 355 K peak and
the tail. The acetylide coverags is equal (o the coverage of the
hydrogen desorting in the high-temperature tail. The ethylidyne
coverage B obtained by subtractung J umes the acetylide coverage
from the coverags of hydrogena desorbing tn the 155 K hydrogea
tbermal desorption psak and its high-temperature shoulder and
dividing Uus number by four. We find that a saturation exposure
of ethylene decomposes to ethylidyne and acetylide in the ap-
proumate rauo of 60:40, whereas a lower exposure, 0.4 langmuir
of C,H,, yieids a ratio of 50:50. Consequently ethylidyne for-
mation is favored at higher surface coverages. This resuit may
be interpreted in terms of the number of hydrogen adatoms
generated by ethylene decomposition to ethylidyns (one per C,H,)
v3. acetylide (three per C,H,). At higher surface coveragm. mors
threefold sites. required for hydrogen adatoms, will be either
occupeed or blocked. Also, the coverage of hydrogea will be greater
a3 cthylene dehydrogenation procesds. Thus, (he decomposition
product that requires (ewer vacant surface sites for formaton and
13 composed of more hydrogen atoms, ethylidyne, is favored. The
dependence of the ratio of ethylidyne to acetylide formed upon
the hydrogen coverage has also been confirmed by hydrogen
thermal desorption expenments measured following a saturaton
ethylene exposure at 150 K. At this temperature. the hydrogen
adatom concsntration on the surface is reduced. This lower
bydrogen coverage caused the acetylide coverage (0 increass by
approximately 50% compared 10 the coverage of acstylide formed
following a saturauion ethylene exposure at 30 K. and annealing
to 350 K. as judged by the relative intensities of the high-tem.
perature tails in the hydrogen thermal desorption spectra

Finally, we discuss bniefly the mechaniam of dchydngmnm
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 ev-
idence for methylidyne formation. Thus, we can rule out both
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acetylide and methylidyne formation from ethylidyne decompo-
sition and conciude that ethylidyne must dehydrogenate
10 either carbon—carbon dimers (with »(CC) at 1100~1600 cm™
m\heE.EannnncfﬁmeudSclmdhydmunﬂ:nn
adatoms and hydrogen. The observed dehyd
ofe:hyldymlllmmnu-hnhmlmumbhuth
surface is quite important. [t implies that the reaction coordinats
that resuits in the loss of the first hydrogen atom from ethylidyne
is not the one which would lead to the stable surface acstylide.
A plausible but most certainly speculative scenario for the deb-
ydrogenation of ethylidyns would invoive interaction with an
adjacent threefoid bollow site, whereas the stabis acetylide (almast
certainly not oriented parallel to the surface plane) has a structure
that is rotated 60° with respect to this reaction coordinate.
V. Ceaciusioms

Ethylens chemisorts on Ru(001) in & di-e-bonded configuration
at temperatures below approximately 150 K. When heated,
compsting molecular desorption. dehydrogenauon to acetylide,
and dehydrogenation (o ethylidyne occur. The resulting thermal

iton scheme for & saturation coverage of chemisorbed

ethyiene (# = 0.30) may be depicied as
0%

IR L0D Coe) ¢ W

30-1398 :l s

di-e-CaMy
(0=0 3

Colalle=1.2) + IMal) 21a) == Hyg)

soh
e CCH(@) ¢ 3Mia)
!ﬂll

Cla) + CHia)
m-nn-‘

Cla) * Yyrnia)

The ethylidyne formed on Ru(001) is less stable than on other
groups 8—10 metal surfaces: e.g.. uhepuwdn:mp:lmm
and hydrogen adatoms near 330 K compared o the
temperature of approximately 400 K observed on Pt(111) and
Rb(111). Carbon=carbon bond cieavage of the acetylide occurs
at 180 K. producing surface carbon and methylidyne of which
the latter dehydrogenates between 500 and 700 K. Following
cthylens exposures exceeding 0.6 langmuur, desorpuon of hydrogen
occurs ia a sharp peak with 3 maximum rate of desorption at 355
K. which is limited by ethylidyne decomposition, in 2 shouider
at approximately 400 K on this peak dus (0 desorpuon-limited
hydrogen and aiso in a high-temperature tail due to methyiidyne
decompasition. Hydrogen desorption foliowing lower ethylene
exposures becomes desorption-limited, except {or the hydrogen
that is evoived from the decomposition of methylidyne.

To summanze, ethylene adsorbed on Ru(001) produces both
ethylidyne and the more ex iy dehydrog d acetylide.
Thus. the behavior of ethylene adsorbed on Ru(001) appears to
be intermediate betwesn the more compiete dehydrogenation
observed oa Ni(111) and Co(001) and the exclusive formation
of tbe less debydrogenated stable ethylidyne specyes found on the
bexagonal surfaces of rhodium, pailadium. and plaunum.

Ackmewisdgment. This work was supported by the National
Science Foundauon under Grant CHE-8516615. Acknowledg-
ment is also mads 1o the donors of the Petroleum Research Fund,
administered by the American Chemucal Society, for the partial
support of this research.

Rogisery Ne. C,H, 74-85-1; Ru, 7440-18-3: CCH,, 67624-57-1: CCH,
29075-93-4; CH. 1315-37-5.




252,

Appendix 4

The Coadsorption of Hydrogen and Ethylene, and of Carbon Monoxide
and Ethylene on the Ru(001) Surface

[This appendix was published as a paper by M. M. Hills, J. E. Parmeter and W. H. Weinberg, in The
Journa! of the American Chemical Sociery 1986, 108, 7215.]
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Coadsorption of Hydrogen and Ethylene, and Carbon
Monoxide and Ethylene on the Ru(001) Surface

M. M. Hills, J. E. Parmeter,’ and W. H. Weinberg®
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Technology. Pasadena, California 91125. Received June 23, 1986

Abstract A detailed investigation of the coadsorption of ethylens with both preadsorbed hydroges and preadsorbed carbon
monaoxide on the Ru(001) surfacs is reported bere. Both preadsorbed hydrogen and carbon mosoxide reduce the saturation

coverage of subsequently chemmorbed

The coadsorpuon of hydrogen with ethyiens resuits in detectable hydrogenaton

ethylene.
of ethylens to ethane below 250 K. whereas no seif-hydrogenation of ethyiene to ethane is observed. High-resolution electron
energy loss spectra show that ethylens coadsorbed with either hydrogen or carbon monoxide decomposes to ethylidyne (CCH,)
and acetylide (CCH). as it doss on the ciean surface. Carbon monoxide preadsorption enhances the stability of the ethylidyne
such that it decomposes at approximately 420 K, rather than 155 K as oa the initially clean Ru(001) surface. Preadsorbed
carbon monoude also

reduces the ratio of ethylidyne 1o acetylide that is formed from ethylene,

w0 the ratio observed

compared
from an equivalent coverage of cthyiene on the clean surface: hydrogen preadsorption, on the other hand, increases this ratio.

L. Istroductien

Surprisingly little spectroscopic information is available con-
cerning the interaction of cither hydrogen or carbon monoxide
with ethylene on well-characterized, singie crystalline transition
metal surfaces, although much insight regarding the hydrogenation
and dehydrogenation of ethylene can be obtsined from these
measurements. Ratajczykowa and Szymerska' have employed
mass spectrometry under uitrahigh vacuum (UHV) conditions
to investigate the coadsorption of ethylene, hydrogen. and carbon
monoxide on Pd(111) between 300 and 330 K. temperatures at
which molecularly adsorbed ethylene and ethylidyne (CCH,)
coexist on the ciean surface.? The relative 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 coverage,
which governed Lhe rate of ethylens hydrogenation relative to
cthylene dehydrogenation.

Selif-hydrogenation of ethylene to ethane on the Pt(111) surface
has been reported by Godbey et al’ The maximum rate of ethane
formation occurs at 300 K. and this is reduced to 250 K in the
presence of preadsorbed hydrogen. Coadsorption of deuterium
with ethylene led 1o the evolution of all isotopically labeled ethane
molecules (C,H,D; x = 0, |, ..., 6).

[sotopic exchange between deuterium adatoms and the ethy-
lidyne that is formed from the thermal ition of ethylene
has been studied on the Pr(111) and Rh(111) surfaces.*® Using
static secondary ion mass spectrometry and thermal desorption
mass spectrometry, Ogle and White have estimated that this
exchange reaction on Pt(111) has an activation barrier of ap-
proximately 7 keal/mol.* Using electron energy loss spectroscopy
(EELS), Koel et al.’ found that deuterium incorporation into
ethylidyne on Rh(111) at 350 K was slow in the sense that sig-
nificant isotopic exchange was observed only after a few minutes
following expasure of ethylidyne to | atm of deuterium, and they
postulated the existence of an cthylidene (CDCH);) intermediate
in the exchange reaction. In neither investigation was ethylidyne
directly observed to be hydrogenated to either ethylidene, ethylene,
or ethane.

The coadsorption of hydrogen and ethylene on ruthenium is
of particular interest because of the high reactivity of this metal
for ethylene hydrogenation and its selectivity in the hydrogenation
of monosubstituted olefins.* Only rhodium i3 2 more active
catalyst than ruthenium for ethylene hydrogenation. Knowledge
of the interactions of ethylene and hydrogen on the Ru(001)
surface will not only clarify the nature of the hydrogenation
reacuon 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

"AT&T Bell Laboratones predoctoral fellow

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 acetylene plus hydrogen on
the Ru(001) surface.™'®

To understand the interactions of hydrogen and carbon mon-
oxide with ethylens on the Ru(001) surface, it is necessary first
to understand the interaction of hydrogen, carbon monoxide. and
cthylene u-pnr.dy with the clean surface. Hydrogen adsorbs
dissociatively in threefold hollow sites on the Ru(001) surface
producing weak electron energy loss peaks at 845 and 1115 cm™1
at saturauon coverage.'!! 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.'> The high-temperature
Mawﬁma!bwuﬁmlmmnuof
desorption which downshifts from 450 to 380 K with increasing
coverage. The low-temperature psak appears at fractional surface
coverages exceeding 0.35, with 3 maximum rate of desorption
occurnng near 325 K. The saturation fractional coverage is
estimated to be 0.85 % 0.15.'2

Carbon monoxide adsorbs molecularly on Ru(001) with a single
carbon-oxygen stretching (requency which shifts from 1980 to
2060 cm™' as the coverage increases.''* Under no circumstances
has CO been observed to dissociate on the clean surface under
UHY conditions. A (v X v/})R30°-CO low-energy eiectron
diffracton (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

(LR vk S L. Chem. Phys. Letr. 1983, 96, 243,

(2) G, J. A K-uiiL.L.Swaa 1984, /20, L461.
‘;J)Gdhy D.. Zasra, F.. Yeatm, R. Somorjai. G. A. Swf. Sci. 1986,
147, 150.

(4) Ogle, K. M.; White, J. M. Sw/. Sci. 1984, /65, 234

(5) Kosi. B. E.. Bent. B. E.. Somonai. G. A. Swf. Sci. 1984, /46, 211.

(6) Boudart, M.. McDoaald. M. A. J. Phys. Chem. 1984, 28, 21185,
Heana-Olive, G.; Ohu. . Angew. Cham., [mi. Ed. Engl. 1976, 5. 136.
DLILLLS_T‘MLLI“ER Cham., Process Des. Dev. 1983, 22,

(7) Hilis, M. M.; Parmeter, J. E.; Mullina, C. B Weinberg, W_H. J. Am.
Chem. Soc.. 1986, /08, 1554,
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19, 92

](ll) Bartesu, M. A Broughton. J. Q.; Menzel, D. Swrf Sci. 1983, 133,
443,
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that the CO is adsorbed in on-top sites. The observation of
bridging CO on this surface has not been reported previously.
Michalk and co-workers'* have confirmed the on-top site symmetry
of the (v'3 X v/3)R30* overiayer with dynamical LEED calcu-
lations. They found also that the CO is adsorbed essentially
perpendicularly to the Ru(001) surface with a ruthenium—carbon
bond length of 2.0 = 0.1 A and a carbon—oxygen bond length of
1.10 £ 0.1 A. Thefncf.mulCvam.catumnmnOﬁS
where a (5v/3 X 5v/3)R30° coincidence LEED pattern, pre-
sumably due t0 a compressed CO overiayer, is observed.!’ Two
mmm.ﬂzuwmmdco" The
high-temperature peak has 2 maximum desorption rate at ap-
proximately 480 K. while the low-temperature peak. which is
present at [ractional coverages exceeding | /3, has a maximum
rate of desorption near 410 K.

Themmolnhylc-mthlhd-nwml)mfmhu
bundunmedmdcmlmmly To summarize, below 150 K
ethylene is chemisorbed molecularly in a di-e-bonded configu-
ration. Competing molecular desorption and deb tion of
the di-o-bonded ethylene to ethylidyne, acetylide (CCH), and
bydrogen adatoms occur between 150 and 250 K. As shown by
near-edge X-ray absorption fine structure and LEED calculations.
the ethylidyne on Pt(111) is adsorbed in threefold hollow sites.!718
This suggests that the ethylidyne adsorbed on Ru(001) akso adsorbs
in these sites. The ethylidyne on Ru(001) dehydrogenates com-
pietely 10 hydrogen adatoms and either carbon dimers or carbon
adatoms with no spectroscopically observable. partially dehy-
drogenated intermediates.” The hydrogen desorbs in a sharp peak
at 355 K with a shoulder near 420 K for a saturation coverage
of chemisorbed ethylene. Cleavage of the carbon—carbon bond
of the acetylide, which yieids methylidyne (CH) and surface
carbon. is observed at 330 K. Reaction-limited hydrogen de-
sorption occurs between 500 and 700 K as the methylidyne
dehydrogenates.

Peebles et al.'" have shown that preadsorption of carbon
monoxide suppresses the high-temperature thermal desorption peak
of postadsorbed hydrogen on the Ru(001) surface. The lower
temperature 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.®
Although it is not known whether these observations are the resuit
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 weakening of the Ru~H bond due to the
presence of the coadsorbed carbon monoxide, the former expla-
nation 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.?!

These observations raise several questions. First. how do
preadsorbed hydrogen and carbon monoxide afTect the subsequent
adsorption of ethylene? Second. is the thermal decomposiuon of
ethylene altered by the presence of hydrogen or carbon monoxide,
and. if so, how? For example, are ethylidyne and acetylide formed.
and. if so0. in the same relative concentrations? Finally, can
ethylene hydrogenation to ethane be observed under UHV con-
ditions when hydrogen and ethylene are coadsorbed?

[I. Experimental Procedures
Thermal desorplion mass spectrometry experiments were
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Hyarogen Desorption from Ru (001 j

MASS SPECTROME TER SIGNAL, ou

B R B BT
TEMPERATURE, K
Figwe 1. Thermal desorpuion spectra of hydrogen after C,H, adsorption
on the clean and CO precovered Ru(00!) surface at 130 K: (a) |
langmuir of C,H,; (b) 0.4 langmuir of CO followed by | la of
C,H,; () 0.6 langmuir of CO followed by | la 'o[orCH.(d)
0.8l of CO followed by | | of of C,H, (¢) 1.0 langmuir
of CO followsd by | langmuir of of C3H: (D 0.4 langmuir of C;H,.

Briefly, the chamber is pumped by both a 220-L /s nobie ion pump and
a titanium sublimation pump, which reduce the base pressure below 107
torr. The crystal is cooled to below lMKum'hqmd nitrogen. Linear
beaung rates of 5-20 K/s are achieved via r g. controlied
by a power supply interfacad to0 an LSi-11 DEC llhnnuny computer.
This UHY chamber contains a UTI-100C quadrupole mass spestrometer

josed in 2 glass lope for seiective sampling of gases that desord
from oaly the weil-orientsd froat surface of the uagie crystal.’* Low-
energy electron diffractioa optics and a rowatable Faraday cup are
available for the display of LEED patierns and the measurement of
LEED bsam profiles. A single-pass cylindncal mirror electron energy
analyzer with an integral elestron gun is available for Auger electron

$PECLIOSCOpY.
A second UHVY chamber was used to conduct high-r

dution electron
energy loss exper This chamber aiso has a base
pressure below re 1079 torr using hnig liquid ni-
trogen cooling and r b of thl cryaul were similarly em-

ployed. The home-built Kuyatt-Simpsoa-Type EEL specirometer is
described in detail eisewhere. 52 [t was operated such that the kinetic
energy of the electron beam incident upon the crystal was approximately
4 eV at an angle of incidencs of 60° with respect to the surface normal.
The sp were d with a r of 60~30 cm™' (full-width
at haif-ma of the el lly scattered peak). while maintaining
a count rate of 1.5-3 X 10° counts/s in the elastic channel. This UHV
chamber also conuains 3 quadrupole mass spectrometer, but it was not,

reported

n g i employed in the th | desorption
here.
The techniques used for or 8. lish and
the Ru(om) crystais bave been described puvnouly 33 The :rysuh
were cl d using periodic argon ion sputtering and routine annealing

1n 2 UHY apparatus which has been described in detail previously. 2
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to 1000 K in 7 x 107 torr of Oy, followed by annealing to 1700 K in
vacuo. Surface cleaniiness was monitored in the two UHV chambers by
Auger electron spectroscopy, EELS, and hydrogen thermal desorption.

Research punty (99.9995% min) hydrogen. CP grade (99.5%) deu-
terium and ethyiene, and research punty (99.99% min) carbon monoxide
were obtained from Matheson. The cthylene was purified further by
three (reeze=thaw—pump cycles. Research punty (99 99%) ethyiene-d,

(22) Williams, E. D: Wenberg. W. H. Swf. Sci. 1979, 82, 93.

(23) Willams. E. D.. Weanberg, W. H. J. Vac. Sci. Technol. 1982 J0. $34.
(24) Feuiner, P.. Menzel, D. J. Vac. Sci. Technol. 1980, /7. 662.

(25) Thomas. G. E.. Weinberg. W H. Phys. Rev. Lerr 1978, 4/ 1181
(26) Thomas. G. E.. Weinberg. W H. Rev. Sci. /nsirum. 1979, 50, 497
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Coadsorption of H, and C,;H, on Ru(00!) Surface
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was purchased (rom Merck and Co. The purity of all gases was verified
in situ by mass spectrometry ia both UHV chambers.

L Resuits

A. Cosdserpdoa of Carben Monoxide and Ethylens. Pread-
sorbed CO alters significantly the thermal desorption spectra of
hydrogen from adsorbed ethylene on Ru(001). Figure la shows
the hydrogen thermal desorption spectrum following a saturation
exposure of | langmuir of C;H, (1 hnpn\uri 107 torr=s) at 130
K, while Figure |b—e shows a series of hydrogen thermal de-
sorption spectra [or various preexposures of carbon monoxide,
followed by & constant ethylene exposure of | langmuir at 130
K (at which temperature no multilayer of ethylene forms). Figure
1f shows the hydrogen thermal desorption spectrum following the
adsorption of 0.4 langmuir of ethyiene on the clean surface. As
the precoverage of CO increases. new desorption peais of hydrogen
appear at 290 and 420 K. while the 355-K peak decreases in
intensity, disappearing compietely at CO exposures of | langmuir
or more. In addition, the high-temperature tail (above 480 K)
shifts to lower temperature, and the total amount of hydrogen
that desorbs decreases with increasing carbon monoxide coverage.

The inhibition in the chemisorption of ethylene by preadsorbed
CO (¢, v3. 8cp) 18 illustrated in Figure 22, where 8¢, includes
both the reversibly and irreversibly chemisorbed ethylene. This
relationship was derived from the data of Figure |, together with
the corresponding thermal desorption spectra of molecular
ethylene. In the presence of CO, approximately 20% of the
chemusorbed ethylene desorbs moleculartly, as is observed also on
the clean surface. Displacement of CO by ethylene was not
observed. However, for all CO precoverages the thermal de-
sorption peaks of CO coadsorbed with ethylene are downshifted
by approumatety 20 K with respect 1o the desorption of equivalent
coverages of CO from the otherwise clean Ru(001) surface.

The preadsorption of 0.4 langmuir (Jc,,, =~ 0.13) of ethylene.
followed by 2 langmuir of carbon monaxide (#cg =~ 0.20), produced
hydrogen thermal desorpuion spectra similar 1o Figure Ic. Greater
mitial ethylene coverages blocked carbon monoxide adsorption
10 a larger extent, and the preadsorption of | langmuir of ethylene
followed by any exposure of CO resulted in H; and C;H, thermal
desorpuon spectra that were nearty identical with those of ethylene
adsorbed on the ciean Ru(001) surface.

Electron energy loss spectra for various precoverages of carbon
monouide followed by an exposure of ethylene at 80 K are similar
to those of ethylene adsorbed on the ciean surface. As on the clean
Ru(001) surface, multilayers of ethylene condense at 80 K.
Annealing the crystal to 110 K desoribs this multilayer, lcaving
an overlayer composed of carbon monoxide and di-o-bonded
ethylene. Figure 3a shows an EEL spectrum measured after
annealing a saturation coverage of ethylene adsorbed on the clean
Ru(001) surface 1o 110 K and is indicative of di-e-bonded
ethylene. The mode assignments for this di-o-bonded ethylene
are discussed in detail eisewhere.” Briefly, di-o-bonded ethylene
on Ru(00!) produces strong CH, twisting and wagging modes
a1 900 and | 145 cm™ and a symmetric carbon—hydrogen stretching
mode at 2940 cm™', which reflect the rehybnidization 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

J. Am. Chem. Soc., Vol. 108, No. 23. 1986

WTENSITY, cpe

)I L \VIS__(/ \t\h_/-"\ (ol

) C 3 TS558 1558
ENERGY LOSS, om™'

Figwre 3. EEL spuctrs of ethylene on Ru(001): (a) 4 langmuir of C,H,
anneaied to 120 K: (b) | langmusr of H, followed by | langmuir of C;H,
annesled to 120 K: (¢) 0.6 langmuir of CO followed by | langmuir of
C,H, annealed to0 120 K: (d) 0.6 langmuir of CO followed by | langmwr
of C;H, annealed to 280 K: (e) 0.6 | of CO followed by |
langmuir of C;H, annsaled 10 400 K.

to the symmetric and asymmetric carbon—ruthenium stretching
modes. the CH, rocking mode, the carbon—carbon stretching mode,
the CH, scissoring mode, and the asymmetric carbon-hydrogen
stretching mode of the molecularly chemisorbed ethylene. Al-
though not all of these modes are resolved in Figure Ja. they have
been assigned from other EEL spectra.

Figure 3c is an EEL spectrum measured following an exposure
of 0.6 langmuir of CO (8co = 0.33) and then | langmuir of C,H,
(fc,u, = 0.08-0.09) at 80 K with subsequent annealing to 110
K. (Figure 3b is an EEL spectrum measured following an ex-
posure of | langmuir of H; and then | langmuir of C;H,, and
will be discussed in section [1IB.) The mixed overlayer of Figure
3c consists of di-e-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 symmetrnic
Ru—CO stretching mode and the CsmO stretching mode are
observed at 465 and 2020 cm™ in Figure 3c. All mode assignments
of ethylene coadsorbed with carbon monoxide were confirmed by
EEL spectra of CO coadsorbed with deuterated ethylene.

Annealing the mixed overiayer to between 230 and 280 K causes
competing desorption and dehydrogenation of the di-o-bonded
ethylene. A subsequently measured EEL spectrum (Figure 3d)
indicates the presence of ethylidyne and acetylide. the same de-
composition products formed from ethylene that is adsorbed on
the clean surface. The ethylidyne is characterized by the #»(CC)
mode at | 140 cm™', the §,(CH,) mode at 1370 cm™', the p(CH;)
mode at 1000 cm™', and the »(CH,) mode at 2945 cm™ ' Note
that ethylidyne produces no losses below 1000 cm™' except for
»,(Ru-C) at 480 cm™' (which is unresolved from »( Ru=C) of CO):
the loss at 750 cm™' is due to the carbon-hydrogen bending mode
of acetylide. In Figure 3d, the carbon—carbon stretching mode
of acetvlide at 1290 cm™' and the carbon-hydrogen stretching
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Figwre 4 The ratio of ethylidyns to acetylide formed from ethylene (R)
as a of the coverags of irreversibly chemusorbed
ethylene for (2. &) 3 mzed CO and ethylens overlayer: (b, @) ethylens
on the clean surfacs: (¢, @) a hydrogen (deuterium) and C,D, (C;H.)
overlayer.

mode of acetylide at 2960 cm™' are unresolved from the §,(CH,)
and »CH,) modes of ethylidyne. This overiayer contains a small
mmtm of bridging CO in addition to linearly bonded CO,
as indicated by the shoulder at 1840 cm™ in Figure 3d.”” This
u=CO forms near 220 K when acetylide and ethybdyne are formed.
and disappears near 450 K as the CO begins to desorb. The CO
thermal desorption spectrum of the overlayer corresponding to
Figure 3d was virtually identical with that of a CO coverage of
0.33 adsorbed on the clean surface, except downshifted by ap-
proximately 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 de-
composition desorbs in either the 155 K or the 420 K thermal
desorpuion peaks (cf. Figure 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 Figure 4a
as a funcuon of the coverage of the irreversibly chemisorbed
cthylene. These data were obtained by exposing the Ru(ml)
surface 10 a variable precoverage of CO, followed by a
exposure of ethylene. As shown in Figure 4a.b. preadsorbed CO
decreases the ratio of ethylidyne to acetylide that is formed from
postadsorbed cthyiene relative to the ratio observed for an
equivalent coverage of ethylene on the clean surface. However,
this ratio does increase with increasing ethylene coverages (lower
CO precoverages). as it does for ethylene adsorbed on the clean
surface. This issue will be discussed in detail in section [V.A.2.
The carbon—carbon bond of the acetylide is cleaved, forming
carbon adatoms and methylidyne, when the overlayer is annealed
10 400 K. An EEL spectrum of coadsorbed methylidyne and CO
1s shown in Figure Je. The characteristic modes of methylidyne
are a carbon-hydrogen bending mode at 810 cm™' and a car-
bon-hydrogen stretching mode at 3010 cm™'. The Ru=CH
stretching mode (at 440 cm™') 1s obscured by the { Ru=CO) mode
at 460 cm™'. Annealing to 600 K decomposes all of the methy-
lidyne, desorbing hydrogen and CO. and leaving only surface

(27) Approximately 8% based on the of the CO str
modes of linear and bridge-bonded CO. and assuming that the dipole denv-
atives of the CO that s bndge bonded and linearly bonded are equal.
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carbon with »(Ru=C) at approximately 600 cm™'.

B. Coadsorption of Hydrogen and Ethyleme. Electron energy
loss specira 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. foliowing annealing
to 280 K. are more intense relative to the modes of acetylide. This
indicates that the thermal decomposition products of ethylene
adsorbed om the clean and the hydrogen-precovered Ru(001)
surfaces are the same under our expenimental conditions. Figure
3 (s and b) compares respectively the EEL spectrum of a satu-
ration coverage of ethylene adsorbed on the clean surface at 80
K and annealed 10 110 K (¢4, = 0.30) with that of the Ru(001)
surface exposed to | langmuir of H, (8, = 0.65) followed by a
saturation coverage of ethylene (8¢, = 0.13) at 80 K and sub-
sequently annealed to 110 K. 'nulp-ctmmofﬁ;m 3bis less
intense bocause less ethylene is adsorbed. [t is apparent, however,
that these spectra correspond to the same surface species, namely,
di-e-bonded ethylene. Hydrogen adatoms are also present in the
overiayer corresponding to the spectrum of Figure 3b. 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,'' 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 Figure
3b, as indicated by the presence of the »(C=wO) mode of CO at
2000 cm™'. The weak intensity of this mode in Figure 3b (cf.
Figure Jc—e) implies that the fractional coverage of CO in this
overlayer is less than 0.01, and it has no influence on the chem-
isorption 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- 3 =~ 0.13) dehydrogenates to ethylidyne and acetylide
between 155"m 280 K. The ratio of ethylidyne to acetylide is
approximately 2.5, as judged by the areas of the hydrogen thermal
desorption peaks of Figure 5b, compared to a branching ratio of
1.3 for a coverage of cthylene of 0.13 on the ciean Ru(001) surface.
The dependence of the ratio of ethylidyne to acetylide upon the
coverage of irreversibly adsorbed ethyiene for preadsorbed deu-
terium (hydrogen) followed by a ssturation postexposure of C;H,
(C;D,) is compared to that observed for ethyiene adsorbed on the
clean surface in Figure 4b,c. Although there are large uncer-
tainties in the data of Figure 4c because of 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 surface. Indeed. a saturation hydrogen
precoverage (8y =~ 0.85 and ¢y, ~ 0.05) compietely inhibits
acetylide formation. The ethylidyne decomposes to carbon
(possibly dimers) and hydrogen adatoms beiow 345 K. Near 400
K the carbon—carbon bond of the acetylide cleaves, forming
methylidyne and surface carbon. Finally, the methylidyne de-
composes, 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 Sa illustrates the hydrogen thermal
desorption spectrum after | langmuir 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
5b shows the hydrogen thermal desorption spectrum after an
exposure of | | ir of H, followed by | langmuir of C;H, at
100 K. This spectrum exhibits 2 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,” and confirmed by the carbon monoxide and
ethylene coadsorption expennments. the 345 K peak of Figure 5a
corresponds (o desorption of hydrogen limited by ethylidyne de-
composition. Because of 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 Figure 5a,b correspond to decomposition-limited de-
sarption of hydrogen from the same species. methylidyne




Coadsorption of H; and C,H, on Ru(00!) Surface

au
—
A — -

2 (a)

(b)
x T8, 2AMU (e ]

MASS SPECTROMETER SIGNAL,
T ~ T : 5

\ x2,28aMy ta)

/—\ x5 30 Ay (e)

00 200 300 4C0 500 600
TEMPERATURE, K
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I-lang posure of H, by | of C,H,.

The shoulder near 420 K in the hydrogen thermal desorption
spectrum of cosdsorbed hydrogen and ethyiene (Figure 5b) 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 Figure 5¢, and the area under the shoulder
increases with increasing hydrogen precoverage. Proof that this
shoulder 10 desorpuon-limited hydrogen was provided
by additional thermal desorption measurements in which the
hydrogen and ethyiene overiayer was annealed to 800 K. and then
the (uncieaned) surface was exposed 10 hydrogen. The subsequent
hydrogen thermal desorpuon spectrum indicated that the shoulder
(now a peak since the 345 K peak was absent) was repopulated,
demonstrating that the shoulder of Figure 5b represents desorp-
tion-limited hydrogen from the surface. No other hydrogen
thermal desorption peaks were observed. implying that no car-
bon—hydrogen bonds were formed. Complementary EEL spectra
measured after annealing the carbon- and hydrogen-covered
surface to various temperatures supported the presence of only
C(a) and H(a): 1.e.. no hydrogen-containing species such as CH.
CH,, or CH, were observed under any conditions. This disagrees
with the resuits of Barteau et 2l.® who reported the hydrogenation
of surface carbon to methylidyne on Ru(001).

In addition to the desorpuon of hydrogen. annealing the mixed
hvdrogen and ethylene overlayer resulted in the desorption of
ethylene and the formation and desorption of ethane. as shown
in Figure 5d.c. Condensed ethylene desorbed in 2 multilayer peak
at 110 K (cf. Figure 5d). Ethane and chemisorbed cthylene
desorbed in broad peaks. the tails of which extend to approximately
250 K. The intermediate 10 ethane formation, presumably ethyl,
was not sufficiently stable 10 be observed spectroscopically by

(28) Barteau. M_ A, Feulner. P, Stengl. R.. Broughton. J Q. Menzel,
D J Catal 1988, 94,51
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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 10 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 which
desorbs molecularly increases from 0.2 10 0.6 as the imtial frac-
tional coverage of hydrogen increases from 0 to 0.85.

Thermal desorption measurements of preadsorbed deuterium
and postadsorbed ethylene were carried out to examine both the
extent of isotopic mixing among the adspecies and the inhibition
of ethylene adsorption by deuterium. Considerabie isotopic mixing
occurred in the desorbed hydrogen (cf. Figure 6). These ex-
periments also showed that within our experimental uncertainty
postexposures of | langmuir or more of ethylene did not displace
any preadsorbed deuterium. C ption of d ium (hy-
drogen) with molecularly chemusorbed C,H, (C;D,) indicated that
isotopic exchange between these two species was slight in that only
minor amounts of any ethylene and ethane desorption products
except C,H, (C,D,) and C;H,D; (C;D,H,) were observed.

The resuits of isotopic exchange experiments between both
CCH, and CCH and deuterium adatoms are discussed cisewhere.®
Bricfly. electron energy loss spectra of acetylide and ethylidyne
formed from C,;H; and coadsorbed with deuternium provide evi-
dence for isotopic exchange between deuterium and CCH but no
exchange between deuterium and ethylidyne.

Isotope exchange expeniments between deuterated methylidyne
and postadsorbed hydrogen (and equivalently between CH(a) and
D(a)| were aiso carried out. Deuterated methylidvne (coadsorbed
with carbon adatomns) was formed by exposing the Ru(001) surface
10 4 langmuwir of C,D, at 100 K and annealing to 440 K such that
6c = 0.38 and 8cp = 0.10. The surface was then cooled 1o 100
K. exposed 10 a saturation coverage of hydrogen (0.3 < 8, < 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 com-
parison of the areas under the high-temperature tails of the H,,
HD, and D, thermal desorption spectra shows that 20 to 3J0% of
the deuterated methylidyne underwent 1sotopic exchange. The
observation of deuterium desorption below 400 K indicates that
isotopic exchange occurs beiow this temperature. The occurrence

129) Weinberg. W H.. Parmeter. ] E. Hills. M M . in preparauon
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of isotopic exchange between CH coadsorbed with deuterium has
also been confirmed with EELS, and is reported elsewhere.” 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 (rom the H,, HD, D,, ethyiene, and
ethane thermal desorption spectra for various initial surface
coverages of deuterium followed by a saturation exposure of
cthylene. These data were used to construct Figure 2b, a plot of
Oc,u, v8. Op, where 8y was determined from the HD. D,, and
C,H.D, thermal desorption spectra. Clearly, a saturation pre-
coverage of deutenium does not compietely inhibit ethylene ad-
sorpuon. The inhibition of ethylene adsorption by deuterium
adatoms is weaker than that by preadsorbed carbon monoxide.

IV. Discussien

A. Coadserptien of Carbea Mesexide and Ethylene. 1. Ad-
sorptisn. From Figure | and the corresponding thermal desorption
spectra of molecular ethylene, it was determined that the fraction
of the di-e-bonded ethylene which desorbed molecularly from the
CO preexposed and subsequently ethylene sarurared surface was
20% of the total fractional coverage of chemisorbed ethyiene,
independent of the CO coverage. This fraction is approximately
the same as that observed when a saturated overlayer of cthyiene
is chemisorbed on the clean Ru(001) surface. This result shows
that preadsorbed CO does not inhibit ethylene thermal decom-
position on the surface reiarive to molecular desorption. However,
preadsorbed CO does inhibit ethylene adsorption, as illustrated
in Figure 2.

The approximately linear decrease in the ethylene coverage with
carbon monoxide coverage suggests that CO is simply (geome-
trically) blocking the surface for ethylene adsorption. The re-
ciprocal of the magnitude of the siope of the line in Figure 2a
indicates that 1.7 CO admoiecules poison the adsorption of one
ethylene molecule. ing that the areas occupied by a carbon
monoxide admoiecule and an ethylene admolecule are inversely
proportional to the saturation fractional coverages of CO (0.65)
and ethyiene (0.30), respectively, then 2.2 (i.e., 0.65/0.30) CO
admolecules would block adsorption of one ethylene molecule. We
observe that fewer CO admolecules are required to block ad-
sorption of one ethylene moiecule because ethylene bas a sig-
nificantly lower heat of adsorption than carbon monoxide and,
unlike CO, does not form a compressibie overlayer.

2 Thermal The results of Peebies et al.'” 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. Figure 1b—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 presencs of ethylidyne and acetylide.
That the peak at 290 K resuits from desorption-limited hydrogen
was confirmed by hydrogen thermal desorption spectra of coad-
sorbed hydrogen and carbon monoxide on a carbon precovered
surface (6 = 0.15) which showed hydrogen desorption in a single
peak at 290 K for fractional coverages of CO exceeding 0.35.
From the observed EEL spectra both of ethyiene adsorbed on the
clean surface’ and of ethylene coadsorbed with carbon monoxide,
it is clear that this surface hydrogen is derived from ethylene
dehydrogenation to acetylide and ethylidyne below 250 K.

The peak at 420 K in the hydrogen thermal desorption spectra
of Figure |b—e results from the decomposition of ethylidyne.
Without coadsorbed CO, the ethylidyne begins 10 decompose near
330 K. reaching 2 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 Figure la. Preadsorbed
CO not only decreases the amount of ethylidyne that is formed
relative 1o acetylide (cf. Figure 4), but it also shifts the ethylidyne
decompaosition to 2 higher temperature. The onser of ethylidyne
decomposition in the presence 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
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and EELS results. This suggests that CO inhibits ethylidyne
decomposition (effectively stabilizing the ethylidyne), e.g., by
geometrically 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 dehydroge-
nating prior to CO desorption. A fractional surface precoverage
of CO exceeding 0.4 prevents any dehydrogenation of the ethy-
lidyne at 355 K.

The final changes in the hydrogen thermal desorption spectra
of carbon monaxide coadsorbed with ethylene on Ru(001) area
shift 1o lower temperature and an increased intensity (relarive to
the 355 and 420 K peaks) of the high-temperature tail above
approximatety 480 K, which is due to methylidyne decomposition.
The former is due to the lower coverage of ethyiene on the surface
when CO is preadsorbed and is associated with the greater
availability of vacant adsites at the temperature of mﬂhylidyne
decomposition, i.c., a lower concsatration of adsorbed carbon.”®
Th-mmmtyd:bh;b—mmwuuﬂumhy-
drogen thermal spectra, due to methylidyne decom-
position, reistive 10 the 355 and 420 K peaks is a consequence
of a reduction in ethylidyne formation relative to acetylide for-
mation, as shown in Figure 4. Recall that methylidyne is derived
only from acetyiide. 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 produces 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 1o ethylidyne formation in the presence
of CO is obviously grester than that which would be expected due
to the lower ethylene surface coverage in the presence of CO (cf.
Figure 4). A reasonabile explanation for this effect is that the
net balance of interaction energies among hydrogen, carbon
monoxide, and the intermediate(s) to ethylidyne 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 éthylidyne formation and,
therefore, favors debhydrogenauon to acetylide with respect to
ethylidyne formation.’’ 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 de-
sorption spectra is as follows: the 3, peak at 290 K is composed
of surface hydrogen from ethylene dehydrogenation to acetylide
and ethylidyne, downshifted by the presence of CO:; the 4, peak
at 355 K is composed of hydrogen from the decomposition of
ethylidyne; the v, peak at 420 K is composed of hydrogen from
the decomposition of ethylidyne that is stabilized by coadsorbed
CO: and the v, peak near 530 K is composed of hydrogen from
methylidyne decomposition. These assignments are consistent with
the observed ratios of the peak areas. For exampie, in the case
of Figure ¢ where no peak at 355 K is observed, the
required by the above peak assignments is 8, = (v,/3) + 3v,. This
stoichiometry has been confirmed by the thermal desorption
spectrum of Figure le, which exhibits relative peak areas for
By:vy:7yof 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 which resuits in desorpuion
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 ratio of these peaks
also coafirm 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

(30) Noxe that the hugh-temperature wail in Figure |d is similar to the taul
in the hydrogen thermal desorption spectrum following the adsorption of 0.4
langmur of C;H, on the clean Ru(001) surface. shown in Figure If

(31) Ths expiasatioa implies that the precursor to ethylidyne (ormauon
1s CCH,. Ewidence for the existence of this precursor is provided by the
combined results of expertments of coadsorbed ethylene and hydrogen and
:aldwg'hd acetylene and hydrogen. This will be ducussed in detail else-
where.~
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hydrogen thermal desorption spectra indicate that ar mosr 10%
of the ethylidyne decomposes to methylidyne.

Finally, we have observed that the adsorption of ethylene also
affects the bonding of preadsorbed carbon monoxide. Postad-
sorption of ethylene induced the formation of a small fraction of
bridging carbon 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 ethyiene dehy-
dr tion reduced the binding energy of preadsorbed carbon

mmtmm‘ecowaumzﬂymxw
the temperature at which an equivalent fractional coverage of CO
desorbs from the clean surface.

B. Coadserption of Hydroges and Ethylene. 1. Adsorption
Figure 2b 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 approx-
imately linearly, and a saturation coverage of deuterium (fp =~
0.85) does not compietely block ethylene adsorption. The linear
dependence of ethylene coverage upon deuterium precoverage
suggests that the deuterium, like preadsorbed carbon monoxide,
is geometnically blocking the surface with respect to the subsequent
adsorption of ethylene. The results shown in Figure 2b 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 moilecules (1.7). The extrapolated
intercept of the abscissa of Figure 2b indicates a hydrogen coverage
of one adatom per ruthenium unit cell is necessary to poison the
surface essentially compietely with respect to the subsequent
ad.sorpuon of ethylene.

Thermal Decomposition. The preadsorption of deuterium
awml into the threefoid sites on Ru(001) decreases the availability
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
hydrogen adatoms. Thus, as the deuterium precoverage is in-
creased and fewer threefold sites are available, a larger fraction
of the chemisorbed ethylene is desorbed molecularly as C;H, or
hydrogenated to ethane, compared to chemisorbed ethylene on
the otherwise ciean 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 0
to 0.85. The higher concentration of hydrogen (deuterium)
adatoms on the surface below 250 K facilitates ethane formation,
which was not observed when ethyiene was adsorbed on the ciean
Ru(001) surface. Ethane evolution was observed only in the
coverage range 0.4 < 6y (preceding a saturation exposure of
ethyiene), and the ethane that desorbed corresponds o an effective
fracuonal surface coverage of approximately 0.01. We note further
than ethane forms via the hydrogenation of di-¢-bonded ethyiene
and 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 pred ethylene sp that desorbed molew.laﬂy from
these overlayers were C,H, and C,D,, respectively; i.c., very little
1sotopic mixing with the molecularly adsorbed ethylene occurred.
These results suggest that ethane formation occurs via the irre-
versible addition of two surface hydrogen or deuterium adatoms
to ethylene.

Thermal desorption and EEL spectra of deuterium coadsorbed
with CH or hydrogen coadsorbed with CD indicated that ap-
progimately 20% of the methylidyne underwent isotopic exchange.
Similarly. acetylide underwent limited isotopic exchange with
surface hydrogen. The mechanisms by which these exchange
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reactions proceed will be discussed eisewhere.® On the other hand.,
isotopic exchange between surface hydrogen and CCD, did not
occur. This is in agreement with the results of Koel et al.’ 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 oniy 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) (ef. Figure 5b) 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 which 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 Figure
4. Indeed, one might expect that an increase in hydrogen or
deuterium precoverage would favor ethylidyne over acerylide since
the former is composed of two more hydrogen atoms.

As may be seen in Figure 5b, the shouider at 420 K in the
hydrogen thermal desorption spectra of hydrogen and ethylene
adsorbed on Ru(001) is enhanced relative to that of hydrogen
thermai desorption from ethylene adsorbed on the ciean 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 desorts from the
clean Ru(001) surface. However, this shouider could be repo-
pulated by adsorbing hydrogen on the (uncleaned) surface that
results from annealing coadsorbed hydrogen and ethyiene o 800
K, which desorbs the hydrogen completely. This indicates that
this shouider corresponds 1o desorpuon-limited surface hydrogen.
V. Coaclusioss

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 preadsorbed hydrogen, and
ethylene adsorbed with preadsorbed carbon monoxide. In ail three
cases, the ethylene decomposed upon heating to ethylidyne and
acetylide. The ethylidyne dehydrogenated compietely 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 surface hy-
drogen to desorb at a lower temperature (290 K) and ethylidyne
to decompose at a higher temperature (400 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 presence of preadsorbed CO and hydrogen alters the ratio
of the ethylene decomposition products, ethylidyne and acetylide.
Carbon monoxide preadsorption enhances acetylide formation
relative to ethylidyne formation from postadsorbed ethyiene,
compared t0 an equivalent coverage of ethyiene adsorbed on the
clean surface, while hydrogen preadsorption enhances ethylidyne
formation, such that a saturation preexposure of hydrogen com-
pletely suppresses acetylide formation.

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 were enhanced
with increasing hydrogen precoverage. compared to the dehy-
drogenation products, ethylidyne and acetylide.
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Registry No. C;H,. 74-85-1; H, 1333-74.0: CO. 630-08-0: Ru.
7440-18-8



260.

Appendix §

The Isolation and Characterization of Vinylidene from the
Dehydrogenation of Ethylidyne on the Ru(001)-p(2x2)-O Surface

[This appendix was published as 2 Communication by M. M. Hills, J. E. Parmeter and W. H. Weinberg,
in Tre Journal of the American Chemical Sociery 1987, 109, 597.]



Abstract

The first unambiguous idendfication 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
observaton of the partual 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 tlted with respect to the surface normal since m-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
reactions which these two entities undergo have not been related.
This connection represents the logical and necessary next step in

relating the organometailic chemistry of compounds
with that of extended surfaces. i.c.. the relationship between
homogeneous catalysis by organometallic compounds and het-
crogeneous catalysis by metallic surfaces. It has been found that
ethylene reacts with O3,(CO),; to form a u-vinylidene compiex,
H;0s,(CO)y(CCH,), which can be hydrogenated to a u-ethylidyne
complex, H,0s,(C0O)y(CCH,)."”? Similarly, ethylene adsorbed
on the hexagonal Ru(001),* Pr(111), P1(100).*” Pd(111)." and
Rh(111)' surfaces at room temperature forms ethylidyne, which
dehydrogenates at higher surface temperatures. However, vi-

ical Society

the Journal of the American Chemical Society, 1987, (09, 597.
3 and reprinted by permission of the copyright owner.

that has been described in detail previously.'* The p(2X2) oxvgen
overlayer on the Ru(001) surface, which is depicted in Figure la,
corresponds to a fractional surface coverage of atomic oxygen of
0.25. The existence of this ordered overlayer was confirmed by
EEL spectra which exhibit a » (Ru=0) mode at 535 cm™' and
a pl:oll’lon mode characteristic of the ordered overiayer at 250
cm™'.

Exposure of the Ru(001) p(2x2)O surface to ethylene at
temperatures below 240 K resuits in the adsorption of r-bonded
molecular ethylene.'>'* Upon annealing to 250 K. the »-bonded

"AT&T Beil Laborstories Predocioral Fellow.
Zﬂ(” Desmung, A. J.: Underhill M. J. Chem. Sac.. Chem. Commvun. 1983,
‘"(;.') Deesung, A. J.. Underhill, M. /. Chem. Soc.. Dalioa Trans. 1974,

(3) Andrews, J. R.; Ksttle. S. F. A Powell, D. B.. Sheppard. N. /nory.
Chem. 1982, 2/, 2874.

(4) Hilis, M. M_; Parmaer, J. E.: Mullisa, C. B Weinberg. W. H. J. Am.
Chem. Soc. 1996, 104, 3554,

(5) Sunninger. H. [bach, H.: Labwald, S. Swyf. Sci. 1982, //7, 685,

(6) Itmch, H. In Procesdings of the Conference on Vibranions in Adsorbed
Layers, Jilich, 1978,

(7) The Pr(100) urf-n reconstrects (0 & slightly buckled. close-packed
(5%20) superstructure.’

(8) Hellmaa, P.. Heinz, K.. Maller, K. Swf. Sci. 1979, 8], 487,

(9) Gatas, J. A Kesmodel, L. L. Swy. Sci. 1983, /24, 68.

(10) Koel. B. E.; Bemt, B. E.. Somorjas, G. A. Swf. Sci. 1984, /46, 211.

(n lnlhd.-urwunmh-Mmm-mnmofmdu
ularly adsorbed cthylene to ¥ d in the

nylidene has been neither isolated nor unambig ly idenufied
as an intermediate in either the formation or the decomposition
of adsorbed ethylidyne.!' This paper reports the first conclusive
spectroscopic identification of adsorbed vinylidene, which was
observed following the annealing ol' adsorbed ethylidyne on the
Ru(001) p{2x2)O surface.'?

The high-resolution eiectron energy loss spectroscopic (EELS)
measurements were carried out in an ultramgh vacuum system

of adsorbed ahyhdyu- bas h-nm lluuolon in which
carbon—carbon bonding is preserved.

(lZ) Tlll nlyl;dyu is & stable intermediate 10 the dehydrogenation of

y on the Ru(001) :ur{w on which an ordered

p(2X2) overlayer of oxygen adaioms is preseat.’’

(13) Hills, M. M. Parmeter, J. E.. Weinberg. W H.. manuscript in
preparauon.

(14) Thomas. G. E.. Weinberg, W. H. Rev. Sci. /nsirum 1979, 50, 497

(15) Rahman. T. S.. Anton. A. B., Avery. N. R., Weinberg, W H Phys
Rev. Lect. 1983, 51, 1979,
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Figwre 1. (a) Unit cell and basis of the p(2X2) ordered oxygen overiayer
on the Ru(001) surface. The EEL spectra that resuit from 2-langmuir,
exposures of+(b).(d) C;H, and (c).(e) C;D, on the Ru(001) p(2%2)O
surface at 80 K and heated to (b).(c) 250 and (d).(e) 350 K. The intense
peak at 535 cm™ in all spectra is due to the » (Ru—O) mode of the
p(2X%2)O oxygen overiayer. The peak at 2025 cm™' in spectrum (e) is
due 10 the »(C=m0) mode of a small amount (8, < 0.01) of coadsorbed
carbon monoxide.

cthylene reacts to form chemisorbed ethyiidyne with the desorption
of hydrogen. The ethylidyne is identified by intense »(CC) and
§,(CH,) modes at 1140 and 1370 cm™ (1150 and 1000 cm™' for
CCD;) which are evident in the EEL spectra of Figure Ib.c.!”

Upon heating to approximately 350 K, the ethylidyne reacts
quantitatively to form vinylidene with simult. us evolution of
hydrogen. The EEL spectra of adsorbed vinylidene are shown
in Figure 1d.e. The intense feature at 1435 cm™ in Figure 1d
is due to the overiapping W CC) and 3(CH,) modes of CCH,. The
3(CD;) mode shifts to 1010 ecm™' in the deuterated spectrum
(Figure le). permitting the observation of the »(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),(C-
CH,) in Table . 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 csmium
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 r-ciectron donation from the carbon—carbon double
bond 1o the third csmium atom.'~’ The carbon—carbon bond length
of the vinylidene ligand suggests that the carbon atoms are nearly
sp*-hybnidized. and due to the good agreement between the o 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 »(CC) mode of the adsorbed
CCH, is lowered from that of CH,CBr, (1593 cm™')'® and that
of the u-vinylidene ligand in Cp,Mn,(CO)(CCH,) (1542 cm™)"*
due to r-clectron donation from the carbon—carbon bond of the

(16) The nature of this chemusorption bond 18 very different from that of
the di-e-adsorbed ethylene on the clean Ru(001) surface *

(17} A detailed d of the of all the observed vibrational
modes of adsorbed ethyiidyne has been presented cisewhere.’

(18) De Hempunne. M. Trans. Faraday Soc. 1946, 42, §

(19) Foiung, K.. Huffmann, J. C.. Lewss. L. N.. Coulton. K. G. /norg.
Chem 1979, /8. 3483,
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Table I. Comparnson of Vibrational Frequencies (in cm™') of
Vinylidene on the Ru{001) p(2x2)O Surface with
Os,H(CO)4(CCH,)

CCH; on CCD; on
Ru(001) Ru(001) Os,H;(CO)(CCH;)
(3

mode p(2x2)0 p(2x2)0

“RuC) 455 435 255-311
1(CH;) or HCDy) ar nr 808
w(CH,) or w(CD;) 895 700 959
o(CHy) or o(CD;) 965 ar 1048
$(CH,) or 8(CD,) 1438 1010 1328
ACC) 1438 1350 1467
»(CH,) or »,(CD;)  298% 2180 2990
»#(CH,) or »,(CD;) 3050 2290 3052

“nr = not resoived.

vinylidene to the ruthenium surface upon which the p(2x2) oxygen
overiayer is present. This w-ciectron donation implies that the
adsorbed vinylidene is tilted with respect to the surface normal,
as is observed in H,0s,(C0O)4(CCH,).

Annealing the adsorbed vinylidene to 400 K initiates decom-
position 1o methylidyne (identified by EELS) and surface carbon
with simuitaneous evolution of hydrogen. and the methylidyne
decomposes above 500 K, creating additional surface carbon and
evolving hydrogen.!’ Hydrogen thermal desorption spectra are
also consistent with this decomposition mechanism. These spectra
show that half of the owal amount of hydrogen desorbs beiow 350
K, indicating that the species present on the surface at this tem-
perature has a stoichiometry of C;H;. Another quarter of the
hydrogen desorbs in a peak centered at 400 K. in accordance with -
the decomposition of vinylidene to methvlidyne. The final quarter
of the hydrogen desorbs between 500 and 700 K as the methy-
lidyne decomposes.

In contrast to the formation of vinylidene from ethylidyne?®
and the subsequent decomposition of vinylidene to methylidyne
on the Ru(001) p(2X%2)O surface, ethylidyne decomposes com-
pletely near 355 K to carbon and hydrogen on the Ru(001)
surface.*?! The fact that methylidyne is a stable intermediate
in the decomposition of ethylidyne on the Ru(001) p(2x2)O
surface, while it is not on the Ru(001) surface, implicates the
exstence of different mechanisms of the decomposition reactions
on the two surfaces. On Ru(001), sp’ hybridization and ¢-bonding
to the surface are favored, whereas on Ru(001) p(2x2)0 sp?
hybndization and r-donation to the surface are favored. as judged.
for exampie. by the di-s-bonded and r-bonded moleculariy ad-
sorbed ethylene that is observed on the respective surfaces. Hence,
the »-bonded vinylidene that was isolated on the Ru(001) p(2x%2)0
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.??

To summarize, adsorbed vinylidene has been isolated following
the decompasition of ethylidyne on the Ru(001) p(2%2)O surface
at 350 K. The bonding of the adsorbed vinylidene is analogous
to that of the vinylidene ligand in H,0s,(CO)y(CCH,), with very
nearly sp*-hybridized carbon atoms and tilting of the vinylidene
with respect to the surface normal due w r-eiectron donation from
the carbon—carbon double bond to the surface. Indeed, the for-
mauon of vinylidene from adsorbed ethylidyne is analogous to
the reverse of the hydrogenation reaction of H,0s,(CO)s(CCH,)
1o HyOs;(CO)e(CCH,). The decomposition of ethylidyne to
vinylidene on the Ru(001) p(2x2)O surface differs from the
decomposition mechanism of ethylidyne on the Ru(001) surface
due to electronic perturbations of the ruthenium surface by the

(20) The observation of ethylidyne 10 vinylidene. but not
the reverse 1sa of gligible coverage ol hydrogen
on the surface at the temperatures at which vinylidene 13 stable. The recom-
binauve desorption of hydrogen occury below 220 K on the Ru(001) p(2x2)O
surface.

(21) On the Ru(001) surface, ethvlene aiso reacts (o form acetylide (CC-
H). which decomposes to methylidyne at 360 K. The methyhidyne dehydro-
genates between 500 and 700 K *

(22) Weinberg, W H.. Parmeter, J. E.; Hills. M. M., manuscript in
preparation.
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ordered oxygen overlayer. These perturbations are aiso manifest
in the observed w-bonding of molecular ethylene at 200 K. as
opposed to the di-o-bonded molecular ethylene that is observed
on the Ru(001) surface.

Ackmowledgmest. This work was supported by the National
Science Foundation under Grant CHE-8516615.
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Appendix 6

The Chemisorption and Reaction of Ethyvlene on Chemically Modified Ru(001) Surfaces

[This appandix was published as a paper by M. M. Hills, J. E. Parmeter and W. H. Weinberg, in The
Journal of the American Chemical Sociery 1987, 109, 4224.]
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Chemisorption and Reaction of Ethylene on Chemically
Modified Ru(001) Surfaces

M. M. Hills, J. E. Parmeter,” and W. H. Weinberg®

Contribution from the Division of Chemistry and Chemical Engineering, Culifornia Institute of

Technology, Pasadena. Califorma 91125. Receiced December 9. 1986

Abstract: The adsorption and reaction of ethylene on a Ru{00!) surface on which ordered p(2X2) and p{1X2) overiavers
of oxygen adatoms are present have been investigated using high-resolution electron energy |oss spectroscopy. thermal desorption
mass spectrometry. and low-energy electron diffraction. In contrast to the di-o-bonded ethviene that 1s observed on clean
Ru(001), ethyiene chermisorbs molecularly in a »-bonded configuration at temperatures below 200 K on both the Ru(001 )=p(2%2)0
and Ru(001)=p( 1 % 2)O surfaces. All of the ethylene that 1s chemisorbed on Ru(001)-p(1x2)O desorbs reversibly 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. Lpon annealing 1o 250 K. the irreversibly adsorbed ethylene on the Ru(001)=-p{2x2)O surface dehvdrogenates
10 ethylidyne (CCH,). which dehydrogenates further to vinylidene (CCH.) below 350 K. This represents the first unambiguous
idenuification of a surface vinylidene species. as well as the first 1solation of an intermediate in the d position of surface
ethyhidyne that preserves carbon-carbon bonding. The vinviidene decomposes 10 adsorbed carbon and methylidvne (CH) below

400 K. and the methylidyne decomposes with the evoiution of hydrogen between 500 and 700 K.

I. Introduction

Recent spectroscopic investigauons of the interacuion of ethylene
and acetylene with the Ru(001) surface have revealed both the
nature of the molecularly chemisorbed species and the decom-
position products of these unsaturated hydrocarbons.'? Coad-

bon—carbon bond cleavage near 380 K, forming methviidyne (CH)
and carbon adatoms: and (5) the methylidyne dehydrogenates.
evolving hydrogen above approximately S00 K.

We report here the results of a study of the interacuion of
ethylene with Ru(001) surfuces on which preadsorbed overlavers

sorption expenments of hydrogen with ethylene. carbon de
with ethylene, and hydrogen with acetylene have clanfied further
the decomposition mechanisms.’* The combined results of these
studies’ have led to the following mechanistic picture:'™* (1) both
ethviene and acetylene chemisorb molecularly below 150 K on
the Ru(001) surface. with rehybridization of the carbon atoms
to nearly sp’ occurring: (2) upon heaung to between |50 and 280
K. both ethylene and acetylene form a HCCH. species. while
acetylene also forms acetviide (CCH) at these temperatures: (3)
the HCCH. species reacts rapidly 10 form acetylide and cthylidvne
(CCH,): (4) the ethviidyne decomposes to carbon adatoms and
hydrogen near 3150 K, while the acetylide decomposes via car-

"AT&T Bell Luburatonies Predovioral Fellow

0002-7863/87/1309-4224%01 0.0

of di tively adsorbed oxygen are present. We have concen-
trated on the reproducible and well-characterized Ru(001)=p-
(2x%2)0 and Ru(001)=pt1x2)0 surfaces. although we have aiso
exarmuned the effects of disordered oxygen vverlayers. the fractional
coverages of which vaned from approximately 00510 0.5 The

(1) Hills. M. M. Parmeter. J. E. Mullins, C B, Weinberg. W H J 4m
Chem. Suc 1986, 108, 1554

12) Parmeter. J E. Hills. M M. Wenberg. W
1986, /0. 156).
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Reaction of Ethylene on Ru(00]) Surfaces
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Figere |. The structures and unut ceils of the (a) p(2X2) and (b) p(1x2)
ordered oxygen overlayers on the Ru(001) surface. Note that the oxygen
occupses threefold hollow sites in both overiayers. Electron energy loss
spectra of the (¢) p(2X2) and (d) p(1X2) ordered oxygen overiayers.

p(2%2)0 overlayer corresponds to a fractional surface coverage
of oxygen adatoms of 0.25. while the p( 1 X2)O overlayer consists
of three independent domains that are rotated by |20° with respect
to one another and corresponds to a fractional surface coverage

of oxygen adatoms of 0.5.%’ These two structures are shown °

schemaucally in Figure |. parts a and b. As may be seen in Figure
|, parts ¢ and d. electron energy loss (EEL) spectra of the p(2%2)O
overlayer exhibit 2 »(RuQ) mode at $35 cm™ and a surface
phonon at 250 cm™'." Similarly, EEL spectra of the p(1x2)0
overlayer exhibit 2 »,(RuO) mode at 585 cm™', a surface phonon
at 240 cm™'. and 2 »,(RuO) mode at 430 cm™.” It is these
spectroscopic signatures that render reproducibie the synthesis
of these two well-characterized surfaces.

There are several important reasons for our interest in this
system. Oxygen overlayers increase the effective “Lewis acidity”™
of transition metal surfaces; i.e., the propensity of the surface metal
atoms to accept clectrons is increased. The extent of charge
transfer from the ruthemum to the oxygen adatoms of the p-
(2X%2)O overlayer can be esimated using the observed change
in the work function of +0.20 eV following the adsorption of
oxygen into the p{2x2) overlayer* (making use of the previously
determined ruthenium=oxygen bond length’ and assuming that
depolarization effects are negligible). It is found that approxi-
mately 0.0 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
10 each oxygen adatom of the p(1X2) overlayer, using the mea-
sured change in the work function of +0.80 eV and correcting
for depolarization effects. This charge transfer increases the
scparation between the Fermi level of the ruthenium surface and
the »* orbital of ethylene, and this transfer could result in the
adsorption of r-bonded ethylene on the oxygen precovered ru-
thenium surface by inhibiting back-donation into the »* orbital.
For example. the preadsorption of oxygen on Pd(100), Fe(111),
Pt(111). and Ru(001)-p(1x2)O induces the formation of -
bonded moiecular ethviene. as opposed to the di-o-b d ethylene
observed on the clean surfaces.*'' Furthermore. the charge

16) Madey, T E., Engelhardt. H. A.; Menzel, D. Surf Sci. 1978, 44, 304
(7) Rahman. T S. Anton. A B: Avery. N R. Weinberg. W H. Phys
Rev. Leri 198351, 1979
()1'.! Stuve. E. M. Madix. R J.. Brundie. C R. Surf Sci 1988, /352/15).
"7(9) Seip. U Tsar. M -C.. Kuppers. § . Entl. G Surf Sci 1984, 147 65
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transfer from the ruthenium to 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, aithough not necessarily, via the
formation of oxygen-containing intermediates. Finally, the
coadsorption of oxygen and ethylene permuts a quantification of
the extent of poisoning of molecular chemisorption of ethylene
by both ordered and disordered oxygen overlayers, as well as the
reduction in the extent of ethyiene decomposiuon compared to
the reduced (ciean) surface.

II. Experimestal Procedures

Thermal desorption mass spectrometry and low-energy eiectron dif-
fi (LEED) were carried oul in an ultrahigh-vacuum
(UHYV) apparatus that has been described in detail previously.'? Brefly.
the chamber s pumped by both a 220-L /3 noble ton pump and a titanium
sublimation pump, which reduce the base pressure to below 107'® torr.
The crystal is cooled to beiow Imk-uahqudmmandlmut
heating rates of the cryswl of 5-20 K /s are acheved via r
coatrolied by a power supply that is interfaced with an LSi-11 DEC
laboratory computer. This UHY chamber contains a UTI-100C quad-
rupoie mass spectrometer d in a glass lope for sam-
pling of gases that desord from only the well-onented front surface of the
single crysial.'! Low-energy electron diffraction optics and a rotatable
Faraday cup are available for the display of LEED pauterns and the
measurement of LEED beam profiles. A single-pass cyhindrical mirror
clectron energy analyzer with an integral electron gun 1s availabie for
Auger clectron spectroscopy.

A second UHY chamber was used 10 conduct high-resolution electron
energy loss spectr (EELS) This chamber also has
2 base pressure hebv 107'® torr using similar pumping techniques. and
liqusd nitrogen cooling and resistive heaung of the crystal were similarly
employed. The home-built Kuyat-Simpson-type EEL spectrometer has
been described in detail elsewhere.'*'? [t was operated such that the
kinetic energy of the electron beam incident upon the crystal was ap-
proximately 4 eV. at an angie of incidence of 60* with respect 1o the
surface normal. The specira were measured with a resolution of 6030
em™ (full-width at half- of the el lly scattered peak). while
maintaining a count rate of =) X 10* cps in the elasuc channel. This
UHY chamber aiso contains a quadrupole mass spectirometer. bul it was
not. in general. empioyed in the thermal desorpion measurements re-
ported here.

The techniques used for orenting. cutting. polishing. and mounting
the Ru(001) crystals have been descrbed previously.'*!’ The crysials
were cleaned using penodic argon 10n sputtering and routine annealing
to 1000 K in 7 X (0™ torr of Oy, followed by annealing 1o 1700 K in
vacuo. Surface cleanliness was monitored in the two UHV chambers by
Auger electron spectroscopy, EELS, and hydrogen thermal desorption.

Research punity (99.98% mm) oxygen ('*0,) and CP grade (99.5%)
ethylene were obtained (rom N The ethyiene was purified
further by three (reeze—thaw—pump cycies. Research punty (99 98% min
oxygen. 99% '*0,) isotopscally labeled oxygen was obtained from Merck
and Co. The punity of all gases was venfied in situ by mass spectrometry
in both chambers. Gas are reported 1n umits of Langmuirs,
where | Langmuir = | L » 10~ torr-s. The quoted exposures have not
been corrected for the relative onizauon probabilities of the different
pases.

IIl. Resalts

A. Moiecularty Chessisorbed Ethylene on the Ru(001)—p(2x2)0
and Ru(001)-p(1%2)0 Serfaces. The ordered p(2X2) and p(1X2)
oxygen overlayers were synthesized on the Ru(001) surface by
exposing the crystal at 90 K to 0.8 and 3 L of O,, respecuively,
followed by annealing to 400 K. The existence of these ordered
averlayers was verified both by LEED® and by EELS,” and their
structures are shown in Figure |, together with the corresponding
EEL spectra.

Exposure of the Ru(001)=-p(2Xx2)0O and Ru(001)-p(1x2)0
surfaces at 80 K to 2 L or more of ethylene gives rise to 2 mo-

(10) Sterminger, H.. Ibach, H.. Lehwaid. S. Surf Sc1 1981 /7, 685

(11) Bartesu. M. A Broughton. J. Q.. Menzel, D. 4ppl. Surf Sc1 1984,
19.92.

(12) Williams. E. D.. Weinberg. W H. Surf Sci. 1979. 82, 9)

(13) Feulner. P. Menzel. D. /. Vac. Sci. Technoi 1980. |7, 662

(14) Thomas. G E. Weinberg. W H. J Chem Phys 1979 70 9%4

(15) Thomas. G. E.. Weinberg. W H Rev Sci lastrum. 1979 50, 497
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Table I. Companson of Vibr | Freq (in em™') of »-Bonded Ethylene on the Ru(001)=-p(2x2)0 and Rui00!)=p{1%2)O Surfaces at
200 K with Other Ethylene Species
. di-¢-bonded C;H,on C:H,on C.D,on
Ru(001)=-p(2x2)O multilaver C;H,on  C,H, on Zese's salt Pd(100) + Fetlll) + Priin) +

mode and -p(1X2)0 Ru(001)* Ru(001)* C.H,(g)* K[PCL(C,H)]* 0.18 MLof O | Lof Oy 0.2 ML of O/
C.H,

7,(CM) 340 460 403

»(CM) 490

2 CH;) 860 778 810 841

r(CH,) 900

«(CHy) 950 970 1145 950 975 540 985

HCH;) 1245 . 1350/ 1460 1450 1342/ 1444 1243 1510 1290

#CC) 1520 1630 1040 1623 518§ * 1565

#(CH,) 3040 3000 2940 2989/3026 joil 3020 3045

#(CHy) 3095 3050 3104 3078
c,D,

r(CM)

»(CM)

2(CDy) 1009/586 597/528

HCD,) 700 728

«CD,) 695 735 500 720/780 757

3(CDy) 975 1015/1125 1210 981/1078 962 985 970

«CC) 13%0 1550 1040 1515 1353 1340 1370

r(CD,) 2220 2310 2210 2251/2200 2224 2270 2230

7(CD;) 2300 2295 2304/2345 2331 1340

“From ref |. *From ref 7. “From refs 16 and 19. “From ref 8. *From ref 9. /From ref 10. *Coupled.
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Figmre . The EEL spectra that resuit from 2 L exposures of (a) C,;H,
and (b) C,D, on the Ru(001)=p(1x%2)O surface. and (c) C,H, and (d)
C,D, on the Ru(001)=p{2%2)O surface at 80 K. followed by heating to
200 K. These sp are ch suc of r-bonded mol ethylene
on both surfaces.

lecular multilayer that is identical with that observed on the clean
surface.! This multilayer desorbs at 115 K, leaving a chermisorbed
overiayer composed of the oxygen adatoms and r-bonded mo-
lecular ethylene. Submonolayer coverages of ethylene adsorbed
at 80 K are also r-bonded. Low-energy electron diffraction
patterns of these overiayers of moiecularly chemisorbed ethylene
continue to exhibit the indistinguishable p(2X2) and p(1Xx2)
superstructures due to the oxygen adatoms. Figure 2a.b shows
EEL spectra of C,H, and C,D, coadsorbed with the p(1x2)O
overfayer at 80 K and annealed to 200 K. while Figure 2c.d shows
EEL spectra of C;H, and C,D, coadsorbed with the p(2%2)0O
overiayer at 80 K and annealed 10 200 K. These spectra indicate
that r-bonded molecular ethylene s formed on both surfaces. The
intense »,(RuQ) mode appears at 585 cm™ in Figure 2a.b and
at 535 cm™ in Figure 2c.d. The »,(RuO) mode 1s not resolved
from the »,(RuO) mode in Figure 2a.b. nor are the surface phonons
resolved from the elastic peak in Figure 2a.c.d. The peaks in the
spectra of Figure 2 that are due to r-bonded ethylene are assigned
as follows. The intense feature at 950 cm™ (695 ecm™' for C.D,)
1s the CH, (CD,) wagging mode. The peak at 3040 cm™' in Figure
2a.c 1s the symmetnic carbon-hydrogen streiching mode from
which the asymmetric stretching mode was not resolved. These
modes were resolved in the EEL spectra of deuterated ethylene
(cf. Figure 2b.d). with »,(CD,) observed at 2220 cm™' and #,(CD.)
at 2300 cm™'  The frequencies of the carbon-hydrogen (car-

bon—deuterium) stretching modes as well as the CH, (CD,)
wagging modes are indicative of nearly sp*-hybndized 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 CH, sassonng and carbon—carbon stretching modes. The
CD, scissoring and carbon—carbon stretching modes are essentially
pled in the sp of deuterated ethylene and occur at 975

and 1350 cm™', respectively. The frequency of the »(CC) mode
in the spectra of deuterated ethylene indicates that this species
is w-bonded to the surface. The strong coupling of the CH,
scissoring and carbon—carbon stretching modes in the r-bonded
C;H, 13 in agreement with the observed coupling of these modes
of CyH, in Zeise's salt.'*'*'* Ajthough not resolved from the
ruthenium—oxygen stretching mode in Figure 2a~d. the »(Ru=~
C,H,) mode was observed at 440 cm™' in EEL spectra measured
10* ofT-specular. in which the »,( RuQO) mode exhibits a much lower
intensity due 1o its largely dipolar character and strong dynamic
dipole and in which the clastic peak has also decreased in intensity.
These mode assignments are compared in Table | with those
of muitilayer and di-o-bonded ethylene on Ru(001). C,;H.(g).
Zeuse's salt, and r-bonded. moleculariy chemisorbed ethylene on
other group B transition metal surfaces.'4-'%!8171% These com-
parisons confirm that moiecularly chemisorbed ethylene on both
Ru(001)=-p(2X%2)O and Ru(001)-p(1X%2)O is r-bonded to the
surfaces and that the carbon atoms of the ethylene are very nearly
spi-hybridized, s judged by the frequencies of the »,(CH,), »,
(CDy). #,(CD,). and 1 CC) (of C,D,) modes. as well as the good
agreement of all mode assignments with those of Zeise's salt. a
paradigm of r-bonded ethylene. On the other hand, the carbon
atoms of di-o-bonded ethylene on the Ru(001) surface are aimost
completely rehybndized 1o 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.
Anneaiing the r-bonded ethylene on the Ru(001)-p(1x2)0
surface above 240 K resuits 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 1o 240 K. which exhibited only the » (RuO). »,(RuO).
and phonon modes as in Figure 1d. and by thermal desorption
spectra of these overiayers that showed only the desorpuon of

(16) Poweil. D. B.. Scott. J. G V. Sheppard. ™. Spectrochim dcia. Part
A 1972, 28,327

(17) Simanouchi. T VSRDS-NBS Publ 1972 39. 74

(18) Powell et al. believe that there 15 considerabie «(CCr and 51CH.)
character 1n both the |243- ynd 151 5-cm™' bands of Zewse's salt

(19) Hiraishi. J . Specirochim  dcta. Part 4 1969 1 749
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Figwre 3. (2) The ethyiene (mass 28) thermal desorption spectrum [ol-
lowing a 6 L exposure of C,H, on the Ru(001)=p{ | X2)O surface at 90
K. (b) The ethylene and C'*O (mass 28). (c) the C'*O (mass )0), and
(d) the hydrogen (mass 1) thermai desorption spectra following a 4 L
exposure of C;H, on the Ru(001)-p{2x2)'*0 surface at 90 K. (e) The
hydrogen (mass 1) thermal desorption spectrum following a 10 L expo-
sure of H, on the Ru(001)=p(2Xx2)O surface at 90 K.

molecularly chemisorbed ethylene in a shoulder and a peak cen-
tered at 160 and 240 K. respectively. and the desorption of the
molecular ethylene multilayer at 115 K (cf. Figure 3a). 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 of desorption
(equal to the heat of adsorption since the adsorption is unactivated)
of ethvlene desorbing in the 160 K peak is approximately 9.8 %
| keal/mol. and that of ethylene desorbing in the 240 K peak is
approximately 14.0 £ | kcal/mol. | factors
of the desorption rate coefficients of 10~ IO“ g0

In contrast to the completely reversible adsorption of ethylene
on the Ru(001)=p( 1 X2)O surface. only one-third of the chemi-
sorbed ethylene on the Ru(001)-p(2X2)O surface desorbs re-
versibly from a saturated overlaver. the total fractional coverage
of which1s0.12. As shown in Figure 3b. this reversibiv adsorbed
cthylene also desorbs in a peak at 240 K and a shoulder at 160
K on the mult:laver peak. This thermal desorption measurement
was conducted using a p{2%2)'*O overlayer in order to distinguish
molecularly desorbed ethylene from C'*O that is produced by the
surface reaction between carbon (from the decomposition of
cthvlene) and ovygen (cf Figure 3c). However. 2 small con-
centration of C'*O due to background adsorption (fractional
surface coverage between 0.01 and 0.02) is also observed 10 desorb.
as indicated by the desorption-limited peak at approximately 450
K in Figure 3b.

Although molecularly chemisorbed ethylene on both the Ru-
(001)-p(2%2)0 and Ru(001)=p( 1 X2)O surfaces desorbs in two
peaks at 160 and 140 K. EEL spectra that were measured after
annealing 1o temperatures between 115 and 240 K were identical
and indicative of »-bonded ethylene. The identification of the
ethylene that desorbs in the 160 K peak as a »-bonded species
implies that this peak does not correspond 1o desorption of a second
laver of ethyiene.

B. Thermal Decomposition of Ethviene on the Ru(001)-p-
(2%2)0 Surface and on Disordered Oxygen Overlayvers on the

1201 Redhead. P A bucuum 1982, 20)
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Figwre 4. The EEL spectra that result from 2 L exposures of C.H, (a.
c.e)and C,D, (b. d. N on the Ru(001)=p(2x2)O surface at 30 K and
heated to (a. b) 250 K. (c. d) 350 K. and (e. N 400 K.

Ru(001) Swerface. Electron energy loss spectra which demonstrate
the eifect of annealing the molecularly chemisorbed ethylene
overlayer on the Ru(001 }-p(2%2)O surface to higher temperatures
are shown in Figure 4. Comparing the spectra of »r-bonded
cthylene annealed to 200 K (Figure 2c.d) to those of the same
overlayers anneaied to 250 K (Figure 4a.b) indicates that by 250
K the ethyiene has converted completely to a new species which
can be idenufied casily as ethylidyne. In fact, r-bonded ethylene
reacts to yield ethylidyne at temperatures as low as 230 K.
Ethylidyne 1s formed also from the decomposition of di-o-bonded
ethylene on the Ru(001) surface' and 1s characterized by car-
bon—carbon stretching and symmetric methyl deformauon modes
at 1140 and 1370 cm™' for CCH,, and at 1150 and 1000 cm™'
for CCD,. The symmetric and asymmetric carbon~hydrogen
strerching 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 em™' (2210 em™' for CCD,). The
asymmetric methyl deformation mode and the methyl rocking
mode appear at 1450 and 1000 cm™'. respecuvely. in Figure da.
but are not resolved from the §,(CD,;) and »,(RuQO) modes at 1000
and 535 cm™' in Figure 4b. The »(RuseCCH),) mode of adsorbed
cthylidyne, expected at 480 cm™', is not resolved from the »,(RuQ)
mode in either of the spectra of Figure 4a.b. These mode as-
signments of adsorbed ethylidyne have been discussed in detail
elsewhere.!

Electron energy loss spectra that were measured following
annealing this overlayer to 350 K (Figure 4c.d) demonstrate the
total conversion of the ethylidyne 10 a new species. as judged both
by the disappearance of the carbon—carbon stretching modes of
CCH, and CCDj at 1140 and 1150 cm™' and the CH, rocking
mode at 1000 cm™', as well as by the uppearance of new modes
which are attributed to a nearly sp*-hybridized vinvlidene (CCH,).
The EEL spectrum of the deuterated vinyvlidene (Figure 4d)
exhibits three intense peaks at 700, 1010, and 1350 cm™' The
peak at 1350 cm™ may be assigned unambiguously to the
stretching mode of a4 carbon—carbon doubie bond since 1t 1s far
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Table II. Comparison of Vibrauonal Frequencies (in ecm™') of CCH, on the Ru(001)-p(2%2)O Surface with Other CCH. Specres

CCH,; on CCD; on CCH,in CCH, on
mode Ru(001)-p(2%2)O Ru(001)-p{2%2)0 Os.H,(CONICCH )" Pd(111)* Pl
» Ru-C) 455 438 255-311 n.r. nr
r{CH,) or (CD,) nr* nr. 808 n.r. n.r.
w(CH,) or (CD,) 893 700 959 n.r 900
#(CH;) or (CDy) 965 n.r. 1048 n.r. nr
$CH,) or (CD,) 1435 1010 1467 n n.r. 1420
HCC) 1435 1350 1328 1328 1100
»(CH;) or (CD;) 2985 2180 29%0 2986 2970
7 (CH;) or (CD,) 3050 2290 3052 nr. n.r
“n.r. = not resoived. *Coupled. ‘From ref 22. “From ref 23. *From ref 24.

too high in frequency 1o correspond either to any carbon—deu- (a) H

terium deformation mode or to #(CC) of a single bond. The loss e

features at 700 and 1010 cm™' are assigned to the CD; wagging »C-

and scissoring modes. The other loss peaks at 435, 2180, and 2290 (o0 O Ll

cm™! are then assigned easily as the { Ru==CCD,), »,(CD,), and 3?{ 3

+,(CD;) modes of the CCD,. The »(CO) mode of a small con- A ‘ //HI

centration of carbon monoxide that is due to adsorption from the Os

background of the UHV chamber appears at 2035 cm™ in Figure (COly

4d. This CO corresponds to a fractional surface coverage of less
than 0.02." contributes slightly to the loss peak at 435 cm™', and
has no effect upon the other adsorbates.

The EEL spectrum of the corresponding hydrogenic species
(CCH,;) in Figure 4c 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 spec-
trum. The more intense loss feature at 1435 cm™' results from
two overiapping peaks that correspond to the carbon—carbon
stretching mode and the CH, scissoring mode that have shifted
up from 1350 and 1010 cm™', respectively, in CCD,. The other
loss peaks at 455, 2985, and 3050 cm™' are the »( Ru==CCH,).
»,(CH,). and »,(CH,) modes of CCH;. The CH, rocking mode
1s also evident at 965 cm™ in Figure 4c. although the CD, rocking
mode is not resolved from the CD, wagging mode in the spectrum
of CCD, in Figure 4d.

The vibrational frequencies of this vinylidene are compared in
Table [1 with those of vinylidene in an Os,H(CO)o(CCH,) cluster
compound and to two other surface species that have been iden-
tified as CCH,.3"?* There is 2 good correspondence between
the vibrational frequencies of the CCH, in the cluster and the
vinylidene that is present on the Ru(001)=p(2%2)O surface. The
CCH, ligand of the complex is bridge-bonded 10 two osmium
atoms with r-electron donation from the carbon—carbon double
bond to the third csmium atom. as shown schematically in Figure
5a.%  The structure of this compound. determined by X-ray
crystallography. is shown in Figure 5b.*

The existence of a CCH, species on the Ru(001)-p(2%2)0
surface following ethylene adsorption at 80 K and annealing to
350 K is confirmed further by the hydrogen thermal desorption
spectrum, shown in Figure 3d. from ethyiene adsorbed on the
Ru(001)-p(2%2)'*O surface. Approximately half of the hydrogen
desorbs below 350 K. indicating that the surface species present
at 350 K has a stoschiometry of C,H;. The hydrogen that desorbs
in the two peaks at 210 and 250 K therefore corresponds to
hydrogen that results from the dehydrogenation of r-bonded
cthylene to ethylidyne and the subsequent dehydrogenation of
ethylidyne to vinyiidene. As may be scen by comparing the
hydrogen thermal desorption spectrum of Figure 3d with that of
hydrogen adsorbed on the Ru(001)-p(2x2)O surface (Figure 3e).
most of the hydrogen that resuits from the dehydrogenation of
cthylene and ethylidyne desorbs above the temperature at which
chemisorbed hydrogen desorbs from the Ru(001)-p(2%2)0

(21) This estimate i3 based on the intensity of the »iCO) mode in this
spectrum compared 10 those of low CO coverages on the Ru(001) surface.

(22) Andrews. ] R.. Kettle. S. F. A.. Poweil. D. B.: Sheppard. v /norg
Chem. 1982, 2/, 2874

123) Gates. J. A Kesmodel. L. L. Surf Sci 1983, /24 88

(24) Ibach. H . Lehwaid. S J Vac Sci. Technol 1978 (5 307

1325\ Deeming. A J . Undermill. M. J Chem Suc. Daiton Trans 1974
141

Figwre 5. (2) The bonding configuration and (b) the structure of CCH,
n OsyH;(CO)(CCH,).** (¢) The analogous bonding configuration of
CCH; on the Ru(001)-p(2x2)0 surface.

surface, and is therefore a reaction-limited desorption product.

The vinylidene could be rehydrogenated to ethviidyne. indicaung
that this reaction is reversible. After a saturation coverage of
CCH,; was lormed. the Ru(001)=p(2%2)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 ethylidyne
to vinylidene. In another experiment, the vinylidene was exposed
10 15 L of deuterium at a surface temperature of 200-250 K. The
EEL spectrum of this overiayer indicates the existence of different
isotopes of ethylidyne. As expected, the species with the highest
coverage i1s CCH,D with a §,(CH.D) mode at 1260 cm™'. whereas
CCH, is present at a lower coverage. “either CCD.H nor CCD,
was detected.

As shown in Figure 3d. annealing the vinylidene uveriaver on
the Ru(001)=-p(2x2)O surface to higher temperaturcs causes
further hydrogen desorption in a peak at 300 K. indicating that
the CCH, has dehydrogenated. Electron energy loss spectra of
the overlayer that 1s formed by annealing the surface to 400 K
(cf. Figure 4¢.) 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
bund and one carbon-hydrogen bond of vinyhidene. N inter-
mediates in the vinyhdene decomposition reaction such as
methylene (CH,) or acetyhide (CCH) were vbsersed by BELS
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Figwre 6. The inhibition of irreversible ethylene adsorption by pread-
sorbed oxygen adatoms.

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 Figure 4e. The car-
bon—deuterium bending mode, expected at 615 cm™' for CD,
overiaps and is unresolved from the intense »,(RuQ) mode in
Figure 4f. The carbon—deuterium stretching mode. observed at
2250 cm™. is however. at the same frequency as that of methy.
lidyne on the clean Ru(001) surface.'? The »,(RuseCH) and
»,(RussCD) modes expected at 465 and 415 cm™' were not re-
soived from the »,(RuO) mode in these spectra. Note. however,
that the phonon mode of the p(2X2) oxygen overlayer was resolved
in the spectrum of Figure 4f.

" 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
adatomns ('*O) to form C'*O. which desorbs above 500 K. as shown
in Figure Jc. This carbon monoxide desorption peak is reac-
tion-limited. because this coverage 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 overiayer. indicating that the adsorbed oxygen either reacted
with carbon above 500 K evoiving CO or remained on the surface
and desorbed only after annealing to 1700 K. Because of the
absence of both spectroscoprcally observed intermediates and mass
spectrometrically detected reaction products. neither the ethylene.
ethylidyne, vinylidene. nor methylidyne reacts with the oxygen
adatoms on the Ru(001)~-p(2x%2)O surface.

Finally, the adsorption and reaction of saturation coverages of
ethylene on disordered oxygen overlayers on Ru(001) have also
been invesugated. The disordered oxygen overiayers 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.® Hydrogen and ethylene thermal desorption spectra were
used 10 evaluate the inhibition of reversible and irreversible
cthylene adsorption by the preadsorbed oxygen. It was found that
the fraction of ethylene that chemnisorbs reversibly increases with
increasing oxygen precoverage, while the amount of irreversibly
adsorbed ethylene decreases approximately linearly with the ox-
ygen precoverage. As shown in Figure 6, a fractional coverage
of oxygen of approximately 0.35 inhibits ethylene decomposition
compietely.

IV. Discussion

A. Moiecularly Chemisorbed Ethrylene. It has been shown that
cthylene chemisorbed on the Ru(001)-p(2x2)O and Ru(001)-
p(1x2)O surfaces below 230 K is a x-bonded molecular sp
for example. by comparison of the vibrational spectra to that of
Zeise's salt. Calculations of the electronic structure of Zeise's
anion have suggesfed that donation of electron density from the
= orbital of ethylene to the platinum accounts for at least 75%
of the total bonding of the ethylene ligand to the platinum. while
back-donation from the platinum d orbitais to the ethylene »*

(26) The linear dependence of coverage upon exposure has been shown by
Madev et al * 10 be appropriate for fractional oxygen coverages beiow 0 3§

J. Am. Chem. Soc.. Vol. 109. No. |4, |987

orbital accounts for the rest.”’ The occurrence of a small amount
of back-bonding in Zetse'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 toward
the platinum atom.”* [f no back-bonding were to occur, the
hydrogen and carbon atoms would remain coplanar. By anaiogy
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 = orbital of ethyiene to the d band of the ru-
thenium of which the local density of unoccupied states has been
increased by the presence of the electronegative oxygen adatoms,
and the simultaneous back-donation of a small amount of electron
density from the ruthenium surface to the =® orbital of chemi-
sorbed ethylene.

The ability of ethyiene to act both as a » donor and a »*
acceptor lowers the vibrational [requency of the carbon—carbon

ing mode of chemisorbed, r-bonded C,D, to 1350 em™ and
of C;D, in Zeise's salt to 1353 cm™' from the gas-phase value of
1515 cm™'. The frequency of the carbon—carbon stretching mode
of »-bonded C,H, cannot be compared to that of C,H,(g) owing
to the previously discussed coupling of the 4(CH,) and »(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 sait increases the carbon—carbon bond length
to 1.375 A from 1.337 A in gaseous ethylene,” and a similar
lengthening of this bond is expected to occur in the ethylene that
is »-bonded to the Ru(001)-p(1X%2)O and Ru(001)-p(2x2)O
surfaces.

Previous investigations'~’ of ethylene adsorbed on ciean. hy-
drogen 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-o-bonded ethylene on the Ru(001) surface
are essentially sp’-hybridized. whereas those of r-bonded ethylene
on the Ru(001)-p(2x2)O and Ru(00!)=-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 pre-
covered sarfaces has aiso been observed for coadsorbed ethylene
and oxygen on the Pd(100), Fe(111). and Pt(111) surfaces.*-'0#
Moreover, the observed vibrational frequencies of these r-bonded
ethylene species agree quite well with those of »-bonded ethylene
on the Ru(001)=p(2%2)O and Ru(001)-p(1x2)O surfaces, as
shown in Table [. Our results are aiso in agreement with those
of Barteau et al.' for ethylene chemisorbed on the Ru(001)~p-
(1%2)O surface at 170 K.

Since there is no indication of any direct chemical interaction
between the C,H, and the oxygen adatoms. the interaction between
ethylene and the Ru(001), the Ru(001)-p(2%2)O and the Ru-
(001)—p( 1%2)O surfaces may be discussed in terms of the "Lewis
acidity” of the surface. When oxygen is adsorbed, the Lewis
acidity of the surface, i.e.. the ability of the ruthenium atoms to
accept clectrons, increases. As discussed in section [, approxi-
mately 0.03 eiectron 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(1Xx2) overiayer. This
charge transfer increases the Lewis acidity of the surface ru-
thenium atoms, making w-donation from ethylene to the ruthenium
more favorable and »®-back-donation from the surface less fa-
vorable, and this alters the bonding of ethylene from di-o- to
w-bonding. A similar effect has been observed when acetone is
adsorbed below 200 K on the Ru(001) and the Ru(001 }-p(2x2)O
surfaces.® On Ru(001). acetone forms largely a side-on bonded

(27) Rosch. N.; Meassmer, R. P ; Johnson, K. H. /. 4m. Chem. Soc 1974,
96. 3858
(28) Love. R. A Koetzle. T. F.. Williams. G. J. B.. Andrews. L. C.. Bau.
R. inorg. Chem. 1975, 14, 2653,
(29) In addi a small
clean Pd(100) surface.

of »-bonded ethviene is present on the
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n*(C.0)=CH,),CO species, as well as a small amount of »'-

which is bonded through a lone pair of eiectrons on the
oxygen atom. Addition of the p(2X2)O overlayer to the surface
stabilizes the n'-a with r 1o the »* since the
n'-bonding configuration maximizes the net ciectron transfer from
the acetone to the ruthenium. In both cases the increased Lewis
acidity of the ruthenium surface increases the selectivity toward
the adspecies which donate the most electron density and withdraw
the least, n'-acetone and w-bonded ethylene. Similar effects have
been observed also for the coadsorption of oxygen with form-
aldehyde’' and with formamide’? on Ru(001).

On the other hand, the preadsorption of oxygen on Ru(001)
does not alter the bonding of acetyiene: the carbon atoms of
acetylene are rehybridized to nearly sp’ on the Ru(001), Ru-
(001)=p(2%2)O. and Ru(001)=p(1x2)O surfaces.™’ Thisisa
consequence of the different energy levels of the unoccupied r
orbitals of gaseous ethylene (1b,,) and acetylene (r,). which lie
at -2.85 and 6.1 ¢V with respect to the vacuum level, respec-
tively.*2*  Upon adsorption. these orbital energies will downshift
and broaden. Analogously. ultraviolet photoelectron spectroscopic
data of Demuth and Eastman’ show that the bonding = orbitals,
=, of acetylene and b,, of ethylene, shift from =11.4 1o =13.1 eV
and from -10.5 eV to =11.6 eV upon adsorpuion of C;H, and C;H,
on Ni(111). The Fermi level of Ru(001) lies at =5.5 eV, and
the Fermi levels of Ru(001)-p(2x2)O and Ru(001)-p(1%2)0
lie at =5.7 and —6.3 eV with respect to the vacuum (zero) level.*
The energy of the =, orbital of acetylene shifts below the Fermi
level of all three surfaces upon adsorption such that back-donation
to the empty =, orbital of acetylene occurs, resulting in rehy-
bridizauon of the carbon atoms to sp’. Similarly, the energy of

Jthe x® (1by,) orbital of ethylene shifts sufficiently near the Fermi

level of Ru(001) and broadens upon adsorption to [acilitate
back-donation, resulting in the for of di-o-bonded ethylene
on the clean surface. However. the Fermi leveis of the two oxygen
precovered surfaces are apparently too low in energy with respect
to that of the =* orbital to allow significant back-donation. Hence.
ethylene adsorbed on these two surfaces is r-bonded.

The effect of oxygen adatoms upon the postadsorption of
ethylene may be compared with that of carbon. which. like oxygen,
1s adsorbed in threefold hollow sites on Ru(001)."*%*® A fractional
coverage of 0.25 carbon adatom (which is equal to the coverage
of oxygen adatoms in the p(2X2)O overlayer) produced by the
thermal decomposition of ethylene on Ru(001) results in less
charge transfer compared to the p(2X2) oxygen overlayer owing
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 adatom show
that this ethylene is di-o-bonded.* confirming that the »-bonding
of molecular ethylene induced by the p(2Xx2) oxygen overiayer
results from an electronic perturbation of the surface.

In addiuon 10 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 moiecularly chemisorbed
ethyvlene is also reduced. As shown by the ethyiene and hydrogen
thermal desorption spectra, a [racuional coverage of oxygen
adatoms of 0.5 reduces the saturation fracuional coverage of
chemusorbed ethylene 10 0.10. all of which adsorbs reversibly (cf.
a saturation fractional coverage of 0.30 on Ru(001) of which 0.06

(30) Anton. A. B.. Avery, N. R.: Toby, B. H.. Wennberg. W H. J. Am.
Chem Soc 1986, 108. 684

(31) Anton. A B.; Parmeter. J. E.. Weinberg. W. H. /. Am. Chem. Soc.
1986. /08, 182)

(32) Parmeter. J. E.. Schwalke. U.. Weinberg. W H. /. Am. Chem. Soc.
1987, 109. 1876

(1)) Parmeter, ). E.. Weinberg. W. H.. 10 be published.

(34) Mulliken. R. S. J. Chem. Phyvs 1979 7/ 556

(15) Dance, D. F, Waiker, I. C. Chem. Phys. Letr. 1973, /8. 601

(36) Demuth, J. E.. Eastman. D E Phvs Rev B 1976. /3. 152)

(37) Wandeit, K . Huise. J.. Kuppers. J. Surf Sci. 1981, 104 212

118y Chan, C-M , Weinberg. W H. J Chem Phys 1979 71 2788

139) Feibelman, P J. Surf Sci 1981, 10J. L149

(40) Parmeter. J E.. unpublished resuits
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desorbs reversibly). The observation that a larger fracuion of
w-bonded ethylene desorbs molecularly compared with di-o-bonded
ethylene is in agreement with results for ethyiene adsorbed on the
clean and oxygen-precovered Pd(100). Fe(111), and Pt(111)
surfaces.*'® [ndeed. all of the »-bonded ethyiene adsorbed on
Pd(100) is thought to desorb reversibly. independent of the oxygen
precoverage.!

The appearance of two molecular ethylene desorption peaks
above the temperature of muitilayer desorption (cf. Figure 3a.b)
may be related to the local structures of the p(2X2) and p(1X2)
oxygen overiayers. The 240 K peak appears with greater intensity
in the ethylene thermal desorption spectra of the p(2x2)O
overlayer than in those of the p(1Xx2)O overlayer, whereas the
shoulder at 160 K appears with slightly greater intensity in the
specira of the p(1x2)O overiayer. These observations suggest
that the 240 K peak may correspond to ethylene chermisorbed in
areas with local p(2x2)0O structure, whereas the 160 K peak may
correspond (o ethylene chemisorbed in areas with local p(1%2)0
structure. [f this interpretation is correct. the coverages of ethyiene

ing to these two thermal desorption peaks are indicative
of the shor-range perfection in these two ordered overiayers.

The desorption of r-bonded ethylene at 240 K occurs at a
slightly higher temperature than that at which di-¢-bonded
ethylene desorbs molecularly.! The 240 K desorption temperature
indicates that the strength of the ruthenium—ethylene r-bond is
approximately 14 kcal/mol (perhaps slightly higher because of
a small degree of rehybndization). The di-o-bonded ethylene has
a slightly lower heat of adsorption (11 kcal/mol), but a higher
binding energy of approximately 80 kcal/mol. This estimate takes
into account the rehybndization that occurs upon adsorption using
the known carbon-carbon and carbon-hydrogen bond energies
of ethylene and ethane in the gas phase.

B. Thermal Decomposition of Chemisorbed Ethviene. As
mentioned above, the r-bonded. molecularly chemisorbed ethylene
that is observed on the Ru(001)-p(2x2)O surface decomposes
10 a lesser extent than the di-o-bonded ethylene on the clean. the
hydrogen-precovered (8, = 0.25), or the CO-precovered (8o =
0.25) rutheruum surfaces. This difference resuits from the much
stronger modification in the electronic structures of the surface
by oxygen compared with hvdrogen 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 desorption relative to decomposition by blocking ad-
sorption sites of the decomposition products.’ On the other hand,
oxygen adatoms modify the chemical nature of the surtace
qualitatively. thereby altering the nature of the molecular bonding
of ethylene (from di-e- to r-bonding) and changing its decom-
position products. For example. sp*-hvbridized vinylidene is ob-
served as a product of the dehydrogenation of ethylene on Ru-
(001)=p(2%2)0, whereas it is not observed on the reduced Ru-
(001) surface. It appears that sp’ hybridization and n’-bonding
are favored on Ru(001), upon which di-¢-bonded ethyiene and
sp’-hybridized acetylide are formed. and that sp? hybridization
and n'-bonding are favored on the Ru(001)-p(2X%2)O surface,
upon which r-bonded ethylene and sp*-hybnidized vinviidene are
formed. Ethylidyne is observed on both Ru(001) (sp’ hybrid-
ization) and Ru(001)=p{2x%2)O (n'-bonding). The presence of
coadsorbed oxygen makes sp’ hybridization and »*-bonding less
favorable due. in part. to a weakening of the ruthemium-carbon
bonds. This reduced bond sirength is also manifest in less irre-
versible adsorption on the oxygen precovered surface: preadsorbed
oxygen decreases the amount of ethylene that 1s adsorbed irre-
versibly in an approximately linear fashion.' Similar linear
reductions in the extent of ethylene dehydrogenation by oxygen
preadsorption have been observed on the Pd(100). Fe(111), and
Pu(111) surfaces."'°

Electron energy loss spectra of ethylene adsorbed on the Ru-
(001)=p(2x2)O surface show that »-bonded ethylene reacts near
230 K 1o form ethylidyne, all of which dehydrogenates to an

{41) The inhibition of ethylene dissociation by oxvgen 410Ms Jis0 resuits
1n part from oxygen blocking adsorption sites of the decomposition products.
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sp*-hybridized vinylidene between 250 and 350 K with simulta-
neous desorption of hydrogen. [t s rather likely that the »-bonded
ethylene first dehydrogenates to vinvlidene and that this vinylidene
rehydrogenates to ethylidyne owing o the presence of surface
hydrogen a1 temperatures below 250 K. This postulate is sup-
ported by EEL experiments, which showed that vinylidene
coadsorbed with hydrogen could be rehydrogenated to ethylidyne.

In contrast to the partially irreversible adsorption of ethyiene
on the Ru(001)=p(2x2)O surface. r-bonded ethylene on Pd(100),
precovered with 0.18 monolayer of oxygen forming a disordered
overlayer, adsorbs reversibly,*! and a vanation in oxygen pre-
caverage mere!y changes the ratio of di-e-bonded to r-b
ethylene that is formed.! The di-o-bonded ethylene on Pd(100)
dehydrogenates at 250 K to sp’-hybndized CHCH, which de-
composes at higher temperatures 10 methylidyne. As shown by
EELS. the r-bonded ethylene that is chemisorbed on Pt(111) with
a fractional precoverage of 0.23 oxygen adatom forms a new,
previously unidentified species upon annealing to 325 K.'® Al-
though spectra of the corresponding deuterated species are not
availabie to confirm our assignment. we suggest that the r-bonded
ethylene coadsorbed with a fractional coverage of 0.23 oxygen
adatom on Pi(111) converts to an sp*-hybndized 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 (uncoupied)
8(CH,;) and »(CC) modes. The »,(CH;) and »,(CH;) modes
appear at 2980 and 3080 cm™', respecuively. Other modes that
appear at 940, 820. and 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 1s possible that vinylidene on the oxygen-
precovered surface may also be hydrogenated to ethylidyne.
Hence, the interacuon of ethylene with ruthenium precovered with
a p(2x2)O overlayer is similar to that observed with plaunum
upon which a comparabie fractional coverage of oxygen is present:
on both surfaces, r-bonded ethylene converts to vinylidene. Both
of these surfaces are more reactive than oxygen-precovered Pd-
(100).

As discussed in section [11.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 Figure 4c.d cannot be attributed to chemisorbed
acetylene owing to the absence in Figure 4¢ of the intense car-
bon-hydrogen bending mode at 765 cm™'. which is charactenstic
of acetylene chemisorbed on the Ru(001) and Ru(001)-p{2x%2)0
surfaces. and the observauon of CH, and CD, scissoring modes
at 1435 and 1010 cm™' in Figure 4c.d. The presence of methy-
lidyne at this temperature can be ruled out because of the absence
of an intense CH bending mode in the EEL spectrum of Figure
4c, which would be expecied at 810 cm™. The existence of CH,
and CD, groups may also be excluded by ion of the EEL
spectra. The vibrational frequencies of the adsorbed vinylidene
agree with those of the vinylidene in the Osy(CO)s(CCH,)H,
complex.™ the bonding configuration and structure of which are
shown in Figure 5a.b."* 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. clongation of the carbon—carbon bond
compared with that of gaseous ethylene, and some donation of
clectron density (rom the r orbital of the CCH, to the d band
of the ruthenium surface (cf. Figure 5¢). The observed »(CC)
mode of adsorbed CCH, at 1435 cm™' is lowered from those of
C.H,(g) at 1623 cm™' and the CCH, ligand in Cp,Ru,(CO),-
(u-COWu-CCH.) at 1586 cm™.* owing to the r-clectron donation
from the carbon-carbon bond to the metal surface that occurs
in the chemisorbed vinylidene. The overlap of the »(CC) and
8(CH,) modes of adsorbed vinvlidene at 1435 cm™' indicates that

(42) As shown by EELS. the irreversibiv adsorbed ethyiene on the Pd(100)
surfice preexposed (o vxvgen is di-o-bonded *
143) Evans. J . MeNuity. G 5 J Chem Sww . Daliun Trans 1983, 639
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these modes are not coupled significantly in this species, uniike
those of r-bonded ethylene. [t cannot be enuirely ruled out that
the »(CC) mode appears at a slightly lower frequency than 1435
cm™', and that the (CH,) mode “steals” intensity from the »(CC)
mode via mode coupling. However. the absence of uny evidence
for a shoulder on the low-frequency side of the peak at 1435 cm™
in Figure 4c makes this uniikely.

Gates and Kesmodel® have suggested the pr on the
Pd(111) surface of a CCH, adspecies as an intermediate to the
formation of ethylidyne from hydrogen and acetylene. This
postulated CCH, adspecies was coadsorbed with acetylene. hy-
drogen. and ethylidyne. Thus, only two of the vibrational modes
were identified, W CC) and/or §(CH,) at 1437 ecm™' and »(CH,)
at 2986 cm™ [#(CC) at 1372 cm™' and HCD,) at 2206 cm™ for
CCD;). A CCH, adspecies, an intermediate in the hydrogenation
of acetylene to ethylidyne on Pt(111). was tentatively identified
by Ibach and Lehwald? with mode assignments listed in Table
(1. The assignment of the carbon—carbon streiching mode 10 2
joss [eature 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(2%2)O and the oxygen-precovered Pi(111) surfaces.
The change in hybndization of the CCH, species on platinum due
1o 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 suf-
ficient hydrogen is present.

The thermal evolution of r-bonded ethylene on Ru(001)-p-
(2X2)O can be summarized as follows. The ethylene reacts to
form ethylidyne. possibly via a vinvlidene intermediate. below 250
K. In contrast to the total dehydrogenation of ethylidvne to carbon
with the simultaneous evolution of hydrogen with no stable in-
termediate on the Ru(001) surface. the ethylidyne on the Ru-
(001)-p(2x2)O surface dehydrogenates to vinylidene upon an-
nealing 10 3150 K. The vinylidene decomposes to methylidyne and
carbon adatoms evolving hydrogen between 350 and 450 K,
possibly though an unstable acetylide intermediate. Acetylide.
which was observed following the adsorption of ethviene on the
Ru(001) surface. also decomposes via carbon-carbon bond
cleavage to methylidyne at approximately the same temperature
at which vinylidene decomposes on the Ru(001 y—p{2x2)O surface.
The methylidyne that is formed on Ru(001 »-p( 2% 2)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 hvdrogen thermal desorption spectra [rom ecthyviene
chemisorbed on the Ru(001)=p(2x2)0O surface are compietely
consistent with this decomposition mechanism. Hydrogen that
1s evolved from the ethylene and ethylidyne decomposition re-
actions desorbs in two peaks at 210 and 250 K. These two peaks
account for half of the hydrogen desorption from the surface.

with the h ry of the vinvlidene intermediate
observed on the surface at 350 K. The hydrogen thermal de-
sorption peak at 400 K corresponds to one-quarter of the total
amount of hydrogen that is desorbed and is therefore consistent
with the dehydrogenation of vinylidene to methylidvne and carbon
adatoms. The final quarter of the hydrogen desorbs above 500
K as the methylidyne decomposes.

Only C:H,, H, and CO were observed to desorb following the
chemisorption of ethyiene on the Ru(001 y=p( 2x2)O surface. This
result is similar to the coadsorption of ethyviene and oxygen on
Fe(111), but unlike the coadsorption of ethylene and oxyvgen on
Pd(100) and Pt(111). which exhibited CO. and H.O desorption
as well.*'® The absence of CO; and H.O in the thermal desorption
spectra from the ruthenium surface is not surprising since neither
the formation of CO, from coadsurbed CO und vxygen* nor the
formauon of water from coadsorbed uxygen and hvdrogen has

144) Thomas. G E Wenpberg. W H J Chem Phis 1979 "0 9%y



been observed under UHYV conditions on the Ru(001) surface in
transient thermal desorption expeniments.** The lower reactivity
of ruthenium and iron for the oxidation of carbon monoxide and
hydrogen is a consequence of the stronger meul—oxy;en bonds
that are formed®** compared with those of platinum*’ and pal-
ladium.**
Finally, the chemistry of ethylene on the Ru(001)-p(2Xx2)0
surface may be compared to the organometallic chemistry of
ds. For example, it has been shown that
ethylene reacts with 03,(C0O),; to form the vinyl compiex,
HOs,(CH=CH,)(CO),o. which forms the vinylidene compiex,
H,03,(CO)4(C==CH,)* upon heating. The latter can be hy-
drogenated to an ethylidyne compiex. H,0s,(CO)(CCH,) 25+
just as chemisorbed vinylidene can be rehydrogenated to ethylidyne
on the Ru(001)=p(2x2)O surface. These results aiso suggest that
the conversion of r-bonded ethylene to vinylidene on Ru(001)-
p(2x2)0 occurs via a vinyl intermediate.

V. Cosclmions

The presence of ordered p(2X2) and p( | X2) oxygen overiayers
on the Ru(001) surface gives rise to r-bonding of molecularly
chemisorbed ethylene, such that the carbon atoms of the ethylene
remain nearty sp*-hybndized. This species is qualitatively different
from the sp’-hybridized. di-o-bonded ethylene that is observed
on the clean surface. [ntuitively. this difTerence reflects the greater
Lewis acidity of the Ru(001)=p(2x2)O and Ru(001)-p(1x2)0O
surfaces. More precisely, it 1s a consequence of a significant
perturbation in the electronic structure of the ruthenium surface
by the ordered oxygen overlayers, which increases the energy

(45) Hills, M. M.. unpublished results.

(46) Serp. U.. Tsar. M -C . Chnstmann. K.. Kippers. J.. Enl. G Suef Sa.
1984, 139 29

(47) Avery, N R Chem. Phys Lerr. 1983, 96, 371

(48) Nyberg, C.. Tengswul. C. G. Swrf Sci. 1983, /26, 163,
’”I-N) Deeming. A. 1. Underhill. M. /. Chem. Sac.. Chem. Commrun. 1971,

separation between the Fermi level and the »® orbital of ethylene.
making back-donation unfavorable.

As observed on the oxygen-precovered Pi(111), Pd(100). and
Fe(111) surfaces, a larger fraction [one-third on Ru(001)-p-
(2%2)0] of r-bonded ethylene desorbs molecularly than does
di-¢-bonded ethylene on the reduced surfaces. The remaining
two-thirds of the saturation coverage of ethyiene adsorbed on the
Ru(001 )-p{2x2)O surface dehvdrogenates to ethylidyne probably
via a vinylidene intermediate 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?-hybndized
vmyhdene species from ethylidyne at 350 K. By analogy to the

H,Os,(CO)(CCH,) clustef 13849 1hig chemuorbed vinylidene
is aimast certainly bridge-b d 10 two adj ruthx atoms
and tilted toward a third ruthenium atom with donation of eiectron
density from the = orbital to the d band of the ruthenium surface,
as shown in Figure 5c. The chemisorbed vinylidene decomposes
near 400 K to carbon adatoms and methylidyne. the latter of which
dehydrogenates between 500 and 700 K. The vinylidene could
be rehydrogenated to ethylidyne in the presence of hydrogen.
analogous 1o the formation of ethylidyne from CCH, on reduced
P1(111) and Pd(111).2*4* 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.

Finally, the presence of oxygen favors n'-bonding and sp* hy-
bridization as shown by both the existence of r-bonded ethyiene
on the oxygen-precovered P(111), Pd(100). Fet111). and Ru(001)
surfaces.''! as well as the formation of sp*-hyvbridized vinylidene
on these chemically modified Ru(001) and Pt(111) surfaces.””
On the other hand. n*-bonded. sp’-hybridized ethylenc was ob-
served in the absence of oxygen on all four surfaces.
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Appendix 7

Vibrational Spectra of Chemisorbed NO, and Condensed
N,0, on the Ru(001) Surface

(This appendix was published as a paper by U. Schwalke, J. E. Parmeter and W. H. Weinberg, in The
Jownal of Chemical Physics 1986, 84, 4036.)
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Vibrational spectra of chemisorbed NO, and condensed N;O,

on the Ru(001) surface
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Vibrational electron energy loss spectroscopy combined with thermal desorption
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of Technology. Pasad

spectrometry have been used to investigate the adsorption and decomposition of NO; on the
Ru(001) surface. The results indicate that the initial NO, adsorption is dissociative at 80 K. The
mmmmmowyMNomwyMoxympuﬁnum
surface, and subsequent (submonolayer) adsorption is molecular. The moleculariy adsorbed
NO, is bound weakly ( ~9 kcal/mol) through the nitrogen atom with C,, symmetry. With
increasing exposure, the formation of N,0, dimers in the condensed multilayer is observed.

1. INTRODUCTION

Nitrogen dioxide may be thought of as a free radical
and, consequently, has a tendency to dimerize to N,O,. The
NO, monomer has C,, symmetry, and the intramolecular
bonding is best described by a resonance structure in which
one oxygen atom is bonded to the nitrogen atom by a double
bond and the other by a single bond plus a three-electron
bond.' The NO, molecule has an odd number of electrons,
and the one unpaired electron appears to be localized near
the nitrogen atom. Infrared spectra of NO, in the gas phase
show three characteristic absorption bands at 1610 (the
NO, asymmetnic stretch), 1318 (the NO, symmetric
stretch ), and 750 cm ~ ' (the NO, bend).? In both the gas and
liquid phases, NO, and N,O, coexist in an equilibrium.’
Only in the solid state does the oxide exist purely as N,O,.
Several forms of the dimer are known, but the most stable
one is the planar O,N-NO, molecule.’ In IR spectra, the
most charactenstic mode of N,0, is an intense absorption
band at approximately 1750 cm ™' (the NO, asymmetric
stretch).?

There are currently little experimental data available
concerning the interaction of NO, with single crysulline
metal surfaces,*'? and, in particular, no vibrational studies
have heretofore been reported. All previous results suggest
that at room temperature NO, adsorbs only dissociatively
on transition metals. On Pt(111)”* and on Pt(100),”'° the
dissociation products are NO and atomic oxygen, whereas
on W(110) NO, dissociates completely into atomic nitrogen
and oxygen.® The fundamental question as to whether or not
NO, may adsorb molecularly at sufficiently low tempera-
tures remains open. Dahlgren and Hemminger® found that
NO, is adsorbed molecularly on Pt(111) at 120 K, whereas
Segner er al.” reported that there is no evidence for molecu-
larly adsorbed NO, even at temperatures as low as 120K on
this surface. In agreement with Dahigren and Hemmuinger,
evidence for molecularly adsorbed NO, on the reconstruct-
ed, hexagonal Pt(100) surface at 200 K has been reported
subsequently.®'°On W(110), NO, adsorption at 100 K was
*' Feodor-Lynen Research Fellow of the Alexander von Humboldt Foun-
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found to be almost completely dissociative, which is expect-
ed since NO also dissociates on W(110) at 100 K."' How-
ever, a chemisorbed molecular NO, species may also be
formed at higher coverages.* Due to the broad and overiap-
ping features in the experimentally measured photoemission
spectra, however, no more definite conclusions could be
drawn. Currently, little is known concerning the multilayer
state, formed by condensation under ultrahigh vacuum con-
ditions, especially regarding the possible formation of N,O,
dimers. Evidence for N,0, in condensed multilayers has
been reported by Fuggle and Menzel.® but this is apparently
not in agreement with previous photoemission results. '
The advantage of high resolution electron energy loss
spectroscopy (EELS)" to determine the chemical identity
of adsorbed species has resulted in the wide application of
this technique in surface chemistry.'® In the present study,
EELS combined with thermal desorption mass spectrom-
etry (TDMS) have been used to investigate the adsorption
and decomposition of NO, on Ru(001) at temperatures as
low as 80 K.
Il. EXPERIMENTAL PROCEDURES

All EELS and TDMS measurements were carried out in
an ultrahigh vacuum system which has been described in
detail previously.'® Briefly, the home-built EEL spectrom-
eter 1s of the Kuyatt-Simpson type with hemispherical ener-
gy dispersing elements in both the monochromator and the
analyzer. The angle of incidence of the primary electron
beam was about 60" with respect to the surface normal, and
an electron energy of approximately 4 eV was used. The full-
width at half-maximum of the elastically scattered beam in
the specular direction was less than 80 cm ™', while main-
taining count rates of 3 x 10° cps in the elastic channel. The
TDMS measurements were performed by resistive heating
of the sample and detection of the desorption products with a
quadrupole mass spectrometer (UTI 100C), which was in
line-of-sight of the sample. The crystal was cooled using lig-
uid nitrogen. In order to obtain sample temperatures as low
as 80 K, the parual pressure of the liquid nitrogen in the
cooling reservoir was reduced by restricting the flow of lig-
uid nitrogen. The crystal was cleaned by employing standard
procedures developed in our laboratory,'® and the resulting
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EEL spectrum of the clean surface was featureless.

Nitrogen dioxide (Matheson Gas Products, purity
99.5% ) was used without further purification. In order to
minimize the decomposition of NO, and the displacement of
contaminants from the walls of the UHV chamber dunng
the NO, exposure, NO, was introduced onto the Ru(001)
surface via a directional beam doser consisting of a microca-
pillary array. Prior to the actual experiments, the gas dosing
system was flushed several times with NO, in order to obtain
high purity NO, exposures. To verify the NO, purity with
the quadrupole mass spectrometer, it was necessary {0 passi-
vate the chamber walls, since the doser was not in line-of-
sight with the ionizer of the quadrupole.'” In several cycles,
the chamber was backfilled with NO,, which was then
pumped out. After this procedure, no increase in the partiai
pressure of any contaminant [including H, H,0, CO
(checked by mass 12), HNO,, and N,0, ] could be detected
during the NO, backfilling, and the cracking pattern of NO,
was similar to that reported in the literature. '* Furthermore,
no evidence of any impurities was noted in either monolayer
or multilayer EEL spectra after an NO, exposure at 30 K.

The NO, exposures were determined by integrating the
increase in the background pressure, as measured with an
uncalibrated ionization gauge. Although the absolute accu-
racy in this procedure is poor, both the relative accuracy and
the reproducibility are reliable.

Ill. RESULTS
A. Thermal desorption mass spectrometry
In Fig. 1, a set of thermal desorption spectra for molecu-

lar NO, desorpuon is shown as a function of NO, exposure.
The adsorption temperature was 80 K, and a heating rate of
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FIG. |. Thermal desorpucn spectra of NO, as a funcnon of exposure i
units of Langmuirs, where | Lam |0~ * Torr 3. The NO, was adsorbed at 30
K. and the heating rate was 6 K/1.

6 K/s was used in all cases. Although no molecular desorp-
tion of NO, is observed at exposures below approximately 1
L., suggesting initial dissociative adsorption, with increasing
exposure two NO, desorption peaks become apparent at 140
and 130 K. The high temperature molecular peak builds in
first and saturates at an exposure below 1.5 L. The peak
temperature of 140 K does not shift with coverage within
+ 2 K. This behavior is characteristic of first-order desorp-
tion kinetics, implying some molecular chemisorption of
NO,. Assuming a preexponential factor of the desorption
rate coefficient of 10'* s ~', an activation energy for desorp-
tion of approximately 9 kcal/mol is estimated using Red-
head's analysis.'® Other than NO, and its cracking frag-
ments, and negligibly small amounts of N,0, no other
desorption products were observed in the temperature range
between 80 and 280 K.

The low temperature NO, peak at 130 K, which appears
after completion of the monoilayer, does not saturate with
exposure, indicating the formation of a condensed mult-
layer. In addition, the thermal desorbing peak temperature
shifts slightly upward with increasing coverage, whereas all
peaks have a common leading edge. Such behavior is typical
for desorption from a multilayer state*? and can be described
with zeroth-order desorption kinetics. Due to partial overlap
with the monolayer peak at 140 K, the expected sharp high
temperature cutoff of the multilayer peak is not resolved.
Concomitant with the development of the multilayer peak, a
weak desorption feature at approximately 170 K appears.
Less than 5% of the total amount of desorbing NO, contrib-
utes to this desorption state. At present it is not clear
whether this peak represents an artifact (e.g., desorption
from sample supports) or is a consequence of a complex
reaction in the adsorbed overiayer.

The integrated intensity of molecularly adsorbed NO, is
plotted as a function of NO, exposure in Fig. 2. For an ad-
sorption temperature of 80 K, the total amount of adsorbed
NO, is proportional to exposure over the entire range of
exposures, i.e., the probability of adsorption is the same for
the monolayer as for the muiltilayer. This srrongiy suggests
that the probability of adsorption is unity in all cases at 80 K.
Support for this suggestion has been given by Segner ef al.”
In a molecular beam study, they determined the adsorption
probability to be 0.97 for dissociative NO, adsorption on
Pt(111) at 300 K. Another result of Fig. 2 is important to
note: the solid line, which is a least-squares fit of the data
points, intersects the abscissa at 1 L. This is a consequence of
the fact that no molecular NO, desorption occurs below this
exposure, as demonstrated in Fig. 1. Thus low coverages of
NO, resuit in dissociative adsorption on Ru(001) at a tem-
perature below the desorption temperature of molecular
NO,, namely 140 K. The EEL spectra presented in the next
section venify that the initial adsorption of NO, on Ru(001)
at 80 K is dissociative, and that the dissociation products are
NO and oxygen adatoms. The desorption products of disso-
ciatively adsorbed NO, are NO and N, near 480 K and O, at
approximately 1500 K. Thermal desorption measurements
indicate that the fractional surface coverages of NO, atcmic
oxygen and NO, in the chemisorbed monolayer are approxi-
mately 0.2, 0.2, and 0.25, i.e., the total fractional surface
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in the presence of atomic oxygen, a bent configuration,
which may formally be considered as NO~,?" is unlikely,
especially since it is not observed on the reduced Ru(001)
surface. ®#* Furthermore, the observed loss at 420 cm ™' is
far too low in frequency to be assigned to an NO bending
vibranion ( which would be dipolar “active” in a bent config-
uration).

In agreement with the TDMS data, EELS indicates that
the initial (exposures below approximately | L) adsorption
of NO, is dissociative on Ru(001) at 80 K. due, for example,
to the absence of the charactenistic NO, bending mode near
750 cm ™. With increasing NO, exposure, however, the in-
tensity of loss features at 780 cm ~' (the NO, bending mode)
and at 1300 cm™' (the NO, symmetric stretching mode)
becomes apparent. This is demonstrated in spectra (¢) and
(d) of Fig. 3. Spectrum (c) was recorded after an NO, expo-
sure of 2.1 L, where molecular NO, desorption is clearly
detectable by thermal desorption (cf. Fig. 1). In addition w0
the intense modes at 780 and 1300 cm ~', an additional mode
near 300 cm ™' appears in the spectrum, which is assigned 1o
the Ru=NO, stretching vibration. As would be expected,
these results confirm that the observed NO, thermal desorp-
tion peak at 140 K (cf. Fig. 1) is due to the desorption of
molecularly adsorbed NO, rather than the recombinative
desorption of NO(a) + O(a). Now let us consider the fre-
quency range above 2000 cm™'. First of all, it should be
noted that no modes between 2100 and 2400 cmm ™' were
detected, indicating the absence of adsorbed N, or N,0.”
However, concomitant with the appearance of the intense
NO, bands, two very weak peaks at 2080 and 2600 cm ™'
were observed. The loss at 2080 cm ' is due to a combina-
tion band of the NO, bending and NO, symmetric stretching
modes (rather than CO, for example, as shown later), while
the loss at 2600 cm ™' is due to a double loss and/or an over-
tone of the NO, symmetric stretching mode.*®

With additional NO, exposure, the NO, bending and
the NO, symmetric stretching modes increase in intensity,
and the NO stretching mode at 1880 cm ~ ' becomes broader,
asymmetrically, toward lower frequencies due to the pres-
ence of a new loss peak centered at 1750cm ~' [cf. Figs. 3(d)
and 3(e) | that resuits from the NO, asymmetnic stretching
mode of N,0, in the multilayer. A companson with the ther-
mal desorption spectra of Fig. | indicates that this is the
exposure range where the muitilayer has begun to form. The
fact that the Ru-NO, stretching mode near 280 cm ™' de-
Creases In intenuty (in contrast to the other NO, modes) is

TABLE II. Vibrauonal (requencies (cm = ') of N, O, in the gas phase and in
the solid state (Ref. 5) compared to the EELS daza of the mulnlsyer on
Ru(001). The values in parentheses 10 combmnation bands of
fundamental modes with lattice vibrations | Ref. 5(b) |.

Infrared
EELS
N0, N,0, multulayer
Mode gas phase solid state om Ru(001)
NO, wag 430 439 440
NO, a-strewch 1748 1734 1730
(1760)
NO, rock 385 169 340
NO, s-streich 1261 1253 1270
(1280)
NO, bend 7350 738 760
(736)

attributed to screening effects due to the presence of the mul-
tilayer. Finally in spectrum (e) of Fig. 3, corresponding to
an NO, exposure of 12 L, the intensity of the 1750 cm ~ ' loss
is enhanced further, and a broad structure at 340 cm ™' has
appeared. In addition, the modes at 780 and 1300 cm ™' are
downshifted by approximately 20 cm ™. Note that the com-
bination band and the overtone/double loss band are down-
shifted as well, consistent with the shifts observed in the fun-
damental modes. This EEL spectrum of the condensed
muitilayer resembies the IR spectrum of N,O, very close-
ly.* The mode assignments of adsorbed NO, and N,O, are
summanzed in Tables [ and II, respectively, and will be dis-
cussed in detail in Sec. [V. In addition to the specular EELS
measurements presented in Fig. 3, off-specular spectra
where the energy analyzer was rotated 12° in the scattering
plane toward the surface normal were recorded also. With
the exception of the overtone/double loss feature near 2600
cm ™', all modes showed a strong attenuation, in accordance
with a long-range dipolar enhanced scattering mechanism. '
No additional modes due to “impact™ scattering were ob-
served.

In order to illustrate the paralleis between the thermal
desorption results and the EELS data, a senies of experi-
ments was performed in which the surface that had been
exposed to NO, was heated at a rate of approximately 2 K/s
to the desired temperature and then allowed to cool. All
spectra were recorded at 80 K so that only irreversible
changes in the adsorbed overlayer were observed. A con-

TABLE |. Frequences (cm~') of infrared NO, bands i the gas phase ( Ref. 2) and in nitro complexss ( Ref.
27) compared o the EELS modes of NO, om Ru(001 ) s the monolayer. The mode sssignments are also piven

(C,, symmetry).

Gas NO, ca N-boaded Bridpng

Mods Symmetry phase Ru(001) nitro complexss nutro compiexes

NO, sstrech A, 1318 1300 1306~1364 1171-1225
M-NO, streech Ay - 300 290449 -
M~O;N stresch A, - e - 340-370
NO, bead A, 750 780 824834 841866
NO, g-strewch Bl 1610 - 13461488 1266-13%0
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coverage is approximately 0.65. For NO, exposures of 1 L
(or above), the total amount of NO and N, that desorbs at
approximately 480 K is on the order of 30% to 40% of that
observed after a saturation exposure of NO on the clean
Ru(001) surface. This implies that the saturation fractonal
coverage of NO on Ru(001) is between 0.5 and 0.67.

To investigate the influence of adsorption temperature
on NO, adsorption, experiments were carried out at elevated
temperatures. During exposure, the surface temperature
was held constant within + | K, and, after cooling to 80 K.
EEL spectra and thermal desorption spectra were measured.
At an adsorption temperature of 125 K, approximately the
same amount of dissociative adsorption occurs, and molecu-
lar chemusorption of NO, occurs also, but to a lesser extent
than at 80 K. The formation of multilayers is suppressed,
however. This is obvious in Fig. 2 (dashed line), where ad-
sorption at 125 K leads to saturation at an exposure of ap-
proxumately 3.0 L. Compared to adsorption at 80 K. the
total amount of molecularly chemisorbed NO, is approxi-
mately 50% lower, indicating that at this temperature the
chemisorbed NO, adsorption state that desorbs at 140 K is
not filled completely (irreversibly).

B. Electron energy loss spectroscopy

In Fig. 3 electron energy loss spectra are shown as a
function of NO, exposure at a surface temperature of 80 K.
Obviously, the EEL spectra change significantly with in-
creasing coverage. At low exposures, as seen in Fig. 3(b),
only four losses are visible at 420, 580, 1580, and 1860 cm ™~ ".

Ru(001) + NO,
=)
=
b
-
I
z
[¥¥]
-
=z
[| 14 1860
\ fm 1580
o 200 (b) 0.7
: «000 (a) clean
) 000 2000 3000 4000 '

ENERGY LOSS [cm™]

F1G. ). Electron energy loss spectra for the clean Ru(001) surface (2) and
after of the surface to NO, (b)=(e).

The loss features at 1860 and 1580 cm ="' are associated with
the nitrogen—oxygen stretching mode of linear on—top and
bridge-bonded NO, respectively, which are adsorbed with
their molecular axes perpendicular to the Ru(001) sur-
face.” Compared to NO adsorbed on clean Ru(001), the
NO stretching frequencies are blue shifted by 50t0 80cm ~',
which indicates a suffening of the intramolecular NO bond.
This is not surprising since similar frequency shifts have
been reported for NO adsorption on an oxygen precovered
Ru(001) surface,” and the dissociative adsorpuion of an
NO, molecule results in an NO admoiecule and an oxygen
adatom. Qualitatively, this observation can be explained by a
reduction of electron backdonation into the 27* antibonding
orbital of adsorbed NO, since the presence of the electrone-
gative oxygen adatoms leads to an increase in the work func-
tion and a reduction in the local electron density of states at
the Fermi level of the surface ruthenium atoms.” The loss
feature at 580 cm ~' is a superposition of the Ru=0 stretch-
ing mode (due to the presence of oxygen adatoms)** and the
Ru-NO stretching mode of the terminally bonded linear
NO. Since the metal-ligand stretching frequencies decrease
with increasing coordination number, ' the loss at 420 cm ™'
is reasonably assigned to the Ru-NO stretching mode of the
bridge-bonded NO. A bent NO species may be ruled out for
two reasons. First, due to the reduced electron backdonation

J. Chem. Phys., Vol 84, No. 7, 1 Apni 1988



280.

Schwalke, Parmetsr, and Wenberg: Spectra of chemsorped NO, on Ru(001)

densed multilayer [spectrum (a) of Fig. 4], which was ob-
tained after an NO, exposure of 10 L, was first heated to0 130
K. At this temperature most of the muitilayer desorbs, as
shown in Fig. 1. As expected the EEL spectrum [Fig. 4(b)]
shows that aside from the smail shoulderat 1760 cm ™', most
features which are due to N,O, have vanished. The charac-
teristic NO, bands as well as the NO stretching modes of the
terminaily and bridge-bonded NO at 1860 and 1600 cm ™',
respectively, have become clearly visible. In addition, a fre-
quency shift of the combination band at 2080 cm ~' and the
overtone/double loss band at 2600 cm ~' is observed, consis-
tent with previous observations [Figs. 3(d) and 3(e)]. As
may be seen in spectrum (c) of Fig. 4, annealing to 140 K has
resulted in a strong attenuation of the fundamental vibra-
tions of NO,, in agreement with the observed thermal de-
sorption of the NO, monolayer state at this temperature (cf.
Fig. 1). The combination band at 2080 cm~' and the over-
tone/double loss band at 2600 cm ™' are no longer detect-
able. This observation rules out the possibility that the loss
feature at 2080 cm ~' is due to adsorbed CO, which shows a
strong stretching frequency in the same range, since the CO
desorption temperature is much higher (above 400 K).'*
The EEL spectrum shown in Fig. 4(d) was recorded after
annealing the Ru(001) surface to 280 K. At this tempera-
ture, all adsorbed NO, has either desorbed or dissociated.
Accordingly, in the EEL spectrum vibrational modes due
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F1G. l Electron energy loss spectra for NO, on Ru(001) as a function of
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only to adsorbed NO and atomic oxygen are observed. Com-
pared to Fig. 4(c), the intensity of the NO stretching mode
at 1860 cm ~' is enhanced, suggesting that some dissociation
of the NO, present in Fig. 4(c) and/or conversion of bridge-
bonded NO to linear on-top NO* has occurred between 140
and 280 K. Annealing to approximately 500 K resulted in
NO dissociation as weil as NO and N, desorption. Only the
Ru=0 stretching mode at approximately 580 cm ~' was ob-
served by EELS. Finally, heating to 1750 K leads to com-
plete O, desorption, producing a clean Ru(001) surface.

IV. DISCUSSION
A. Adsorption in the monolayer

For the initial adsorption of NO, on Ru(001) at 80 K,
the TDMS and EELS results have shown that NO, is ad-
sorbed dissociatively. The dissociation products, adsorbed
NO and atomic oxygen (8 no =8 = 0.2), passivate the
surface, and subsequent NO, adsorption (8o <0.25) is
molecular. In the EEL spectra, chemisorbed NO, molecules
are characterized by three vibrational losses at 300, 780, and
1300 cm =" [cf. Fig. 3(¢c)]. Since all these modes are excited
by a long-range dipolar scattering mechanism, the selection
rules for dipo'ar scattering can be applied.> Accordingly,
these modes must belong to the totally symmetric represen-
tation of the corresponding point group. Since exactly three
losses are observed., we conclude that the adsorbate symme-
tryis C,,.*" If the symmetry were lower than C,,, i.e., C, or
C,, additional modes which are not allowed for C,, symme-
try should be observable, but this is not the case (including
nonspecular scattering). For NO, adsorbed on Ru(001)
with C,, symmetry, two different bonding configurations
are possible. The NO, molecule may bond to the surface
either through the nitrogen atom (1) or in a bridged configu-
ration (II), where the bonding occurs through the two oxy-
gen atoms:

o\ »° /_'.'.\
by R
L] LI
[ |

Since the unpaired electron in the éa, orbital of NO, is local-
ized at the nitrogen atom, bond formation might be expected
to occur preferentially through the nitrogen atom. For ex-
ample, the most stable N,0O, dimers contain a N=N bond.*
Both structures (1) and ( [1) are well known, however, in the
chemistry of nitro compiexes, and [R data are available for
comparison.’” In Table I, IR data of these nitro complexes as
well as those of the free NO, molecule are listed together
with the EELS data of molecularly adsorbed NO, on
Ru(001). The vibrations at 1300 and 780 cm ~' of adsorbed
NO, have been assigned to the NO, symmetric stretching
and NO, bending modes, respectively, which belong to the
A, representation. The frequencies of these modes are close
to the gas phase values indicating that adsorbed NO, inter-
acts weakly with the Ru(001) surface, consistent with the
low activation energy for NO, adsorption of approximately
9 kcal/mol. Since the NO, asymmetric stretching mode is of
B, symmetry, no significant contribution near 1600 cm ™'
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from adsorbed NO, would be expected in the EEL spectra.
However, since the NO stretching mode of bridge-bonded
nitric oxide occurs near this frequency, this expectation can-
not be confirmed unambiguously. [n addition to the two gas
phase modes, a third 4, mode appears near 300 cm ~' when
the NO, molecule is adsorbed on the surface. If the NO,
molecule is single bonded through the nitrogen as in struc-
ture (I), it corresponds to the Ru-NO, stretching mode.
Alternatively, if the NO, molecule is bridge bonded through
the two oxygen atoms as in structure (II), it would be the
Ru-0;N symmetric stretching vibration. A comparison of
the EELS frequencies obtained from NO, adsorbed on
Ru(001) with the IR bands of the nitro compiexes, as well as
the cbservation of weak chemisorption, implicate structure
(1) as the correct representation of the molecular bonding of
NO, on Ru(001).

The results reported above show clearly that NO, can
adsorb molecularly on Ru(001) at temperatures of 125 K
and below. However, the initial adsorption 1s dissociative,
and obviously this serves to passivate the surface for molecu-
lar adsorption. The dissociation products, NO and atomic
OoXygen, may act in the following ways to poison the surface
and stabilize the molecular adsorption: (a) blocking of reac-
tive adsorption sites™’; (b) indirect electronic interactions
via the substrate conduction electrons®; and/or (c) direct
electrostatic interactions, as described recently by Lang er
al.» Since 8, and 6 o are each 0.2 prior to molecular ad-
sorption of NO,, it seems likely that a “*short-range” interac-
tion such as site biocking or a perturbation of the electronic
structure of the ruthenium surface that increases the activa-
tion energy of NO, dissociation is responsibie for this effect.

B. The NOy/N.O, muitilayer

After saturation of the monolayer at 80 K, NO, conden-
sation into a multilayer occurs. Correlated with the develop-
ment of the multilayer, new loas features as weil as frequency
shifts have been observed (cf. Figs. 3(d) and 3(e) ], which
are due to the presence of N,0, in the multilayer. This 1ssue
shall be discussed in more detail in connection with the data
presented in Tabie I1.

The planar N,0, molecule (D ,, symmetry) has 12 nor-
mal vibrational modes, only five of which are IR acuve. For
weak adsorption of a molecule on a surface, no symmetry
breaking occurs,'’ and only the gas phase IR active modes
whuch produce a dynamic dipole moment normal to the sur-
face are observabie by dipolar scattering in EELS. This as-
sumption is justified in our case, since no evidence was found
for any Raman active modes in the EEL spectra. ( For sym-
metry breaking of any kind, at least the A, modes should be
observable.) Therefore, for simplicity, only the frequencies
of the IR active modes of N,0, are listed in Table [I, togeth-
er with the observed EELS vibrations from spectrum (e) of
Fig. 3. It is clearly evident from Tabie II that the observed
EEL spectrum corresponds to N, O, in the condensed multi-
layer. When compared to the gas phase data,’ the agreement
is within 10 em ™', with the exception of the NO, rocking
mode at 340 cm ™. Since all five IR active modes are ob-
served, one might conclude that the N,O, molecules are on-

ented randomly in the multilayer. However, the NO, wag-
ging mode at 440 cm ~' generates a dipole moment which is
perpendicular to the plane of the molecule, whereas the di-
pole moments of all the other modes are in the molecular
plane. The observation that the NO, wagging mode at 440
cm ™' in the EEL spectrum of the multilayer is much less
intense than the other modes (in contrast to the gas phase
spectrum of N,0,) might suggest that an orientation of the
N,O, molecules with the molecular plane nearly normal to
the surface is favored. Our observations are merely sugges-
tive rather than proof of this possibility, however.

The phase of N,O, in the condensed muitilayer has not
been considered heretofore, e.g., does N,O, exist in a gas-
eous, liquid, or crystalline state at these temperatures (80
K) under UHV conditions? The tripie point of N,O, is at
262 K and 140 Torr.”® For higher temperatures (and de-
pending on the pressure), N,O, exists either as a liquid or a
gas, whereas at lower temperatures only the solid or gas
phase can exist. One can easily estimate from these data that
for temperatures below approximately 100 K, only the solid
phase of N,O, can exist even under UHV conditions. Ac-
cordingly, N,O, in the multilayer should form a crystalline
solid, as occurs for water under similar conditions. > Crys-
talline N,O, is body-centered cubic of the space group
I2/m3(T, ) with six molecules per unit cell. Since the mole-
cules are located on sites of ¥, symmetry, the selection rules
will be the same as for the isolated molecule.’ Accordingly,
the triply degenerate vibrations in the<crystal generate five
fundamental IR bands of the same intensity as the gaseous
molecule. When we compare the frequencies of the EELS
modes with IR fundamenzals of solid N,O,, we find better
agreement for the NO, wagging and rocking modes but
worse agreement for all other modes compared to gaseous
N,O,. However, there is one important difference between
the crystalline form of N;O, and the isolated gaseous mole-
cule which must be considered: three of the five fundamental
IR bands are split, each into two modes of nearly equal inten-
sity. These additional modes arise from the coupling of the
fundamentals with the lattice vibrations (18-30 cm™') in
the N.O, crystal,’** or may be due to combination bands
which are enhanced by Fermi resonances.® For details see
Refs. 5(a)-5(c), where corresponding IR spectra are
shown. The additional modes are listed in Table II, accord-
ing to Ref. 5(b). Taking the resolution of the EEL spectrom-
eter of approximately 80 cm ~' into account, we would not
be able to resolve these doublets, but rather we would obtain
a convolution of both peaks. With these considerations in
mind, Tabie II shows excellent agreement between the EELS
data from the multilayer and the crystalline state IR bands of
N,;O,, in agreement with expectations based on the thermo-
dynamic data cited above.

V. SUMMARY

Electron energy loss spectroscopy and thermal desorp-
tion mass spectrometry have been used to investigate the
interaction of NO, with the Ru(001) surface from submon-
olayer to multilayer coverages. The principal findings of this
work are the following:

" (i) The initial adsorption of NO, on Ru(001) at 80 K is
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dissociative (for NO, exposures, €xy0, <1 L). The dissocia-
tion products, adsorbed NO and atomic oxygen, passivate
the surface to further decomposition. Upon heating the sur-
face to above 300 K, the NO dissociates partially to nitrogen
and oxygen adatoms. The peak temperature for desorption
of both NO and N, is near 480 K, whereas O, desorbs at
approximately 1500 K.

(ii) Further NO, exposure (| <€ng, <2 L) leads o0
molecularly adsorbed NO, in the monolayer. The NO, mol-
ecule is bound weakly through the nitrogen atom to the sur-
face ( ~9 kcal/mol) with a peak temperature for desorption
of 140 K. The symmetry of the NO, admolecule is C,, .

(iii) At higher exposures (€no, > 2 L), after saturation
of the monolayer, condensation of multilayers occurs, and
the formation of N,0O, dimers is observed. As expected from
thermodynamic data, the dimers that exist in the multilayer
resemble a “solid™ more closely than a “liquid™ or a “‘gas.”
The peak temperature for desorption from the multilayer is
130 K.
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Appendix 8

The Adsorption of NO; on Clean Ru(001) and Ru(001) Modified
Chemically by Ordered Overlayers of Oxygen Adatoms

[This appendix was published as a paper by U. Schwalke, J. E. Parmeter and W. H. Weinberg, in Sur-
face Science 1986, 178, 625.]
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High resolution electron energy loss spectroscopy and thermal desorption mass spectrometry
have been used to investigate the adsorption of NO, on the clean Ru(001). the Ru(001)-p(2 x 2)-O
and the Ru(001)-p(l X 2)-O surfaces. On the clean surface at 80 K. the initially adsorbed NO,
dissociates to molecularly adsorbed nitric oxide and oxygen adatoms. When the fractional surface
coverage of each of these dissociation products reaches approximately 0.2, subsequent chemisorp-
tion of NO, is molecular. The presence of preadsorbed oxygen poisons the surface strongly with
respect to dissociative adsorption and less strongly with respect to molecular adsorption of NO,.
In all cases the molecular NO, is chemisorbed weakly with a heat of adsorption of approximately
8-10 kcal/mol. The condensed multilayer at 80 K is composed of N,O, dimers.

1. Introduction

Studies of the interaction of nitrogen dioxide with well characterized single
crystalline metal surfaces have recently become the focus of considerable
interest [1-6] because they are the logical extension of numerous NO and
oxygen coadsorption experiments [7], in particular those where evidence for
the formation of NO, as a stable reaction intermediate has been reported [8.9].
Additional motivation to investigate the nch surface chemistry of NO, has
been stimulated by the recent observation of a novel heterogeneously cata-
lyzed oxidation reaction of organic compounds by NO, [10].

Nitrogen dioxide is a triatomic molecule of C,, symmetry. The vibrational
spectrum of the free NO, molecule is characterized by three infrared absorp-
tion bands at 750 cm ™! (the NO, bend). 1318 cm~' (the NO, symmetric
stretch), and 1610 cm ™! (the NO, antisymmetric stretch) [11]. Since NO, has
an unpaired electron, it can dimernize to O,N-NO,. The most characteristic
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infrared mode of the planar N,O, dimer (D,, symmetry) is an intense
absorption band at approximately 1750 cm ™' (the NO, antisymmetric stretch)
[12].

One powerful technique to measure the vibrational modes of adsorbed
species on well characterized single crystalline surfaces, and hence to identify
their structure and bonding, is high resolution electron energy loss spec-
troscopy (EELS) [13]. We have combined EELS with thermal desorption mass
spectrometry (TDMS) to investigate the interaction of NO, with clean and
oxygen modified Ru(001) surfaces at 80 K, from submonolayer to multilayer
coverages.

2. Experimental procedures

All EELS and TDMS measurements were performed in an ultrahigh
vacuum system which has been described in detail previously [14]. Briefly. the
home-built EEL spectrometer consists of hermispherical energy dispersing
elements in both the monochromator and the analyzer. The full-width at
half-maximum of the elastically scattered beam varied between approximately
60 and 75 cm ™!, while maintaining a count rate of 3 x 10° cps. The incident
beam energy was approximately 4 eV. and the angle of incidence of the
electron beam was 60° with respect to the surface normal.

Nitrogen dioxide (Matheson Gas Products. 99.5% purity) was used without
further purfication and was introduced onto the Ru(001) surface via a
directional beam doser consisting of a multicapillary array. Prior to the actual
experiments, the gas dosing system was flushed several tumes with NO, to
ensure high purity exposures. which was verified by in situ mass spectrometry
[6]. In addition. no evidence of any impurities was noted either in monolayer
or multilayer EEL spectra after NO, exposures at 80 K. In order to obtain the
NO, exposures when using the beam doser. the measured increase in the
integrated background pressure was corrected by a calibration factor which is
determined by the geometrical arrangement of the sample and the doser. This
factor has been determined experimentally in previous CO and NO adsorption
experiments by comparing the exposures needed to cause the appearance of
particular thermal desorption features. both after backfilling the bell jar and
after using the doser.

3. Results and discussion
3.1. Chemisorption of NO. on clean Ru(001)

In fig. 1A, electron energy loss spectra at 80 K are shown of clean Ru(001).
(a). and the Ru(001) surface exposed to NO,. (b) and (c). After an exposure of
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Fig. L. (A). (a) Electron energy loss spectra of clean Ru(001) at 80 K: (b) and (c) the Ru(00l)

surface exposed to NO,. All exposures are in units of langmuirs (1 L=10"* Torrs). (B) Thermal

desorpuon spectra of NO, as a function of exposure. The NO, was adsorbed at R0 K. and the

heating rate was 6 K/s.

0.7 L of NO,, the EEL spectrum (b) of fig. 1A indicates that the initial
adsorption of NO, is dissociative on Ru(001) at 80 K, due, for example, to the
absence of the characteristic NO, bending vibration near 750 cm ~'. Only four
loss peaks appear in the spectrum, which are due to adsorbed nitric oxide and
atomic oxygen. The peaks at 1860 and 1580 cm~™' are due 1o the
nitrogen-oxygen stretching mode of nitric oxide that is adsorbed in on-top
and in bridge-bonded sites, respectively [15]. The low frequency mode at 580
cm ™! is a superposition of both the Ru-NO stretching mode of terminally
bonded. linear NO and the Ru=0 stretching mode of oxygen adatoms [15.16],
whereas the low frequency mode at 420 cm ™! is due to the Ru-NO stretch of
NO adsorbed in bridge bonded sites [7,15].

Compared to NO adsorbed on the clean Ru(001) surface [15]. the
nitrogen—-oxygen stretching frequencies are upshifted by approximately 50 to
80 cm ~!. Similar shifts of these bands have been observed in the coadsorption
of NO and oxygen on Ru(001) (7). This increase in frequency results from a
stiffening of the intramolecular NO bond as a consequence of reduced electron
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backdonation into the 27* antibonding orbital of adsorbed NO, in the
presence of the coadsorbed electronegative atornic oxygen. In agreement with
the EELS data. no molecular desorption of NO, was detectable in the thermal
desorption spectrum after an NO, exposure of 0.7 L at 80 K. as shown in fig.
1B. The only observed desorption products were NO and N, at approximately
480 K and O, near 1500 K, similar to NO adsorption and NO and O,
coadsorption on Ru(001) [7,17].

For exposures of NO, of approximately 1 L or greater. molecular desorp-
tion occurs, as may be seen in fig. 1B. This molecularly chemisorbed state of
NO, saturates at an exposure of approximately 2.3 L. and the desorption peak
temperature of 140 K does not shift significantly with coverage suggesting
first-order desorption kinetics. Assuming a normal pre-exponential factor of
the desorption rate coefficient of 10'* s~!, a binding energy of approximately
9 kcal/mol is consistent with these thermal desorption results [18]. The
presence of weakly chemisorbed NO, is also evident in EEL spectrum (c) of
fig. 1A. which was recorded after an exposure of 2.1 L of NO,. In addition to
the loss features due to NO and atomic oxygen. additional bands at 300 cm ™!
(the Ru-NO, stretching mode), 780 cm ™! (the NO, bending mode) and 1300
cm ™! (the NO, symmetric stretching mode) are present. These results confirm
that the observed desorption of molecular NO, at 140 K (cf. fig. 1B) is due to
chemisorbed NO, rather than a result of the recombination of NO(a) and
O(a). for example, as has been observed on a potassium modified Pt(111)
surface [9]. Compared to the free molecule. the NO, bending and symmetric
stretching modes are shifted only slightly. consistent with weak chemisorption.
Since all these modes were found to be excited by a long-range dipolar
scattering mechanism. they must belong to the totally symmetric representa-
tion of the corresponding point group. Since exactly three new and intense
fundamental modes are observed for the molecularly chemisorbed NO,. we
conclude that the ruthenium-nitrogen molecular axis is oriented essentially
perpendicular to the Ru(001) surface (C,, symmetry). Bond formation is
expected to occur through the nitrogen atom since the unpaired electron in the
6a, orbital of NO, is localized at the nitrogen atom. Support for this adsorbate
structure is given by the fact that the frequencies of the molecularly chemi-
sorbed NO, on Ru(001) are in agreement with the infrared bands of N-bonded
nitro complex compounds of C,, symmetry [6].

No modes between 2100 and 2400 cm ™! are observed in the EEL spectra of
fig. 1A indicating the absence of both adsorbed N, [19] and N,O [20]. Two
weak loss features at 2080 and 2600 cm~' were observed. which were
correlated with the presence of molecularly chemisorbed NO.. Since the peak
at 2080 cm ™' disappears upon heating to 150 K. it is not due. for example. to
coadsorbed CO [21]. The mode at 2080 cm ™! is due to a combination band of
the NO, bending and symmetric stretching modes. whereas the loss at 2600
cm~! is due to a double-loss and/or an overtone of the NO, symmetric
stretching mode [13].
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For NO, exposures of 1 L (or above), thermal desorption measurements
have shown that the total amount of NO and N, that desorbs at approximately
480 K is on the order of 30% to 40% of that observed after a saturation
exposure of NO on the clean Ru(001) surface. From these measurements, the
approximate fractional coverages of nitric oxide and atomic oxygen from NO,
dissociation were each estimated to be 0.2 prior to the molecular chemisorp-
tion of NO, at 80 K. Evidently, “short-range” interactions such as site
blocking [15] and/or a local perturbation of the electronic structure of the
ruthenium surface [22] increase the activation barrier to NO, dissociation.

Since the probability of adsorption of NO, on Ru(001) at 80 K is essentially
unity [6], the coverage of molecularly chemisorbed NO, could be estimated
from the NO, exposure. The NO, monolayer saturates at an NO, exposure of
approximately 2.3 L (cf. fig. 1B), which corresponds to a fractional NO,
coverage of 0.25 (after subtracting the coverage of dissociated NO,). Although
the absolute accuracy in this estimate may be poor, the reproducibility was
found to be excellent.

Previously, results concerning the interaction of NO, with the W(110),
Pt(111) and the reconstructed hexagonal Pt(100) surfaces have been reported
[1-5]. A comparison of the surface chemustry of NO, adsorbed on Ru(001)
with those results is useful since all the surfaces are geometrically similar but
the three transition metals differ greatly in their reactivity. On W(110) the
adsorption of NO, was found to be almost completely dissociative at 100 K.
leading to atomically adsorbed nitrogen and oxygen [1]. This is not unex-
pected. however. since NO also dissociates at 100 K on this surface [24]. In
contrast. on both platinum surfaces, molecular adsorption of NO, has been
observed at low temperatures. and the dissociation of NO,(a) into NO(a) and
O(a) becomes significant only at temperatures above 240 K [3-5]. Obviously.
Ru(001) lies between these two extremes in surface reactivity: both dissocia-

tion to NO(a) and O(a) as well as molecular chemisorption of NO, occur at 80
K.

3.2. Chemusorption of NO, on oxygen modified Ru(001) surfaces

In order to investigate the influence of preadsorbed, ordered oxygen
adatoms. NO, was adsorbed both on the Ru(001)-p(2 X 2)-O and Ru(001)-
p(1 x 2)-O surfaces which correspond to initial fractional coverages of ordered
atomic oxygen of 0.25 and 0.5, respectively [16]. The effect of preadsorbed
oxyvgen on the chemisorption of NO, is illustrated in fig. 2. The threshold
exposure of NO, which is necessary to observe desorption of molecular NO,
decreases strongly with the oxygen precoverage, as is evident from fig. 2B. Thus
behavior is also reflected in the EEL spectra that are shown in fig. 2A. For an
initial fractional oxygen coverage of 0.25 [the p(2 X 2)-O overlayer] and an
NO, exposure of 0.8 L. spectrum (a) of fig. 2A. the characteristic modes of
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Fig. 2. (A) Electron energy loss spectra of NO, adsorbed on the Ru(00l)-p(2x2)-O and the
Ru(001)-p(1 x 2)-O surfaces. (a) Fractional coverage of ordered oxygen adatoms of 0.25 and NO,
exposure of 0.8 L. (b) Fracuonal coverage of ordered oxygen adatoms of 0.5 and NO, exposure of
0.25 L. (B) Dependence of the threshold exposure of NO- necessary for observing the thermal
desorption of molecular NO, on the irutial fractional coverage of oxvgen adatoms.

chemisorbed NO, at 280. 780 and 1300 cm™' are present. This should be
contrasted with spectrum (b) of fig. 1A, which shows no molecular chemisorp-
tion of NO, following a similar exposure on the clean Ru(001) surface.

However, as on clean Ru(001). the initial adsorption of NO, on the
Ru(001)-p(2 x 2)-O surface at 80 K is dissociative. as judged by the
nitrogen-oxygen and Ru-NO streiching modes of NO that is adsorbed in
both bndge-bonded and on-top sites. Compared to NO, adsorption on clean
Ru(001), there is approximately 40% as much NO, dissociation on the
Ru(001)-p(2 x 2)-O surface, as estimated from the amounts of thermally
desorbed NO and N,. As estimated from the molecularly desorbed NO,. the
amount of molecularly chemisorbed NO,. however, was found to be reduced
only slightly compared to the clean Ru(001) surface. as shown in table 1.

The extent of NO, dissociation at 80 K on the Ru(001)-p(1 X 2)-O surface.
corresponding to an iniual fractional oxygen coverage of 0.5. is decreased
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Table 1
Fractional coverages of NO, and its dissociation products on clean and oxvgen precovered
Ru(001). as estimated from thermal desorption data

Ru(001) Ru(001)-p(2 X 2)-0 Ru(001)-p(1 x 2)-O
fvo 0.2 0.08 0.02
b 0.2 0.25+0.08 0.5+0.02
O, 0.25 0.2 0.14
8 rou 0.65 0.61 0.68

further compared to the Ru(001)-p(2 X 2)-O surface. On this surface. the
extent of dissociation is approximately 10% of that observed on the clean
surface (see table 1), consistent with EEL spectra where only bridge-bonded
NO (the nitrogen-oxygen stretching mode at 1580 cm™!) was observed. In
addition. NO, exposures of less than 0.3 L are sufficient to observe molecu-
larly chemisorbed NO,. Both of these effects are shown in EEL spectrum (b)
of fig. 2A. As on the clean Ru(001) surface, three intense NO, bands are
present in the EEL spectrum, suggesting that the NO, molecule is adsorbed
with C,, symmetry on this surface also. Due to the high coverage of oxygen
adatoms, however, the Lewis acidity of the Ru(001) surface is increased. This
should increase the strength of the o-bond between NO, and the Ru(001)
surface which, in tumn. could affect the intramolecular electronic structure of
the NO,. Indeed. both effects have been observed. The desorption temperature
of molecular NO, was found to be increased by 10 K. and frequency shifts of
both the NO, bending mode (810 cm™') and the NO, symmetric stretching
mode (1220 cm ~!) are observed [cf. spectrum (b) of fig. 2A].

The frequency of the antisymmetric stretching mode of NO, is known to
depend strongly on the electronegativities of the other ligands in inorganic
compounds [25]. Accordingly. this band should shift from 1610 cm~! to
1700-1800 cm ™' upon adsorption on the oxygen modified Ru(001) surfaces.
Since no residual NO band is visible in this frequency range [cf. spectrum (b)
of fig. 2A]. the clear absence of the antisymmetric stretching band of NO, (B,
symmetry) supports the conclusion that NO, is adsorbed with C,, symmetry.

3.3. The NO./ N.,O, multilaver

After saturation of the chemisorbed monolayer. the subsequent formation
of condensed multilayers was observed at 80 K. As expected. for sufficiently
large NO, exposures ( = 5 L). no significant differences were found among the
multilayer states prepared on the three different Ru(001) surfaces. Therefore.
only the multilayer EEL spectrum which was obtained after exposing the clean
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Ru(001) surface to 12 L of NO, is shown in fig. 3A. together with the
corresponding thermal desorption spectrum in fig. 3B. The multilayer desorp-
tion peak, which appears at 130 K after completion of the monolayer, does not
saturate with NO, exposure, and the peak temperature shifts upward slightly
with coverage [6]. In the corresponding EEL spectrum of fig. 3A. an intense
new loss peak at 1750 cm ™' has appeared. which is due to the NO, antisym-
metric stretching mode of the N,O, dimer. In addition. a broad loss feature
centered at 340 cm ™' (the NO, rocking mode of N,O,) is visible. and the
frequencies of the NO, bending and symmetric stretching modes. as well as
the combination band and the overtone/double-loss band. are downshifted.
Except for the overtone/double-loss band. the long-range dipolar scattering
mechanism was found to be operative, allowing a comparison with infrared
spectra of N,O,. According to published thermodynamic data of N,O, [23].
condensed N,O, at 80 K under UHV conditions should exist in a crystalline
form, rather than as a “*‘gas™ or a **liquid”. This expectation is borne out by
comparing the EEL spectrum of the N.O, multilaver of fig. 3A with IR
spectra of solid. liquid and vapor phase N,O, [6].
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4. Conclusions

The initial adsorption of NO, at 80 K on the Ru(001), the Ru(001)-p(2 x
2)-O and the Ru(001)-p(1 X 2)-O surfaces is dissociative with the dissociation
products being molecular NO and atomic oxygen. Subsequent to the initial -
dissociative adsorption, molecular chemisorption of NO, is also observed at
80 K. The extent of dissociative adsorption is a function of the particular
surface and, not surprisingly, is greatest on the clean Ru(001) surface. For
example, on this clean surface the fractional coverage of NO, that dissociates
prior to molecular adsorption is 0.2, corresponding to a total fractional surface
coverage of 0.4, i.e. 8o =0.2 and 8, = 0.2. The extent of dissociative adsorp-
tion of NO, decreases strongly with the fractional precoverage of the two
ordered oxygen overlayers. The extent of molecularly chemisorbed NO, de-
creases less strongly such that the total coverage at saturation is approximately
constant on all three surfaces (cf. table 1). The molecular NO, is weakly
chemisorbed on each of the three surfaces. with an activation energy of
desorption of approximately 9 kcal/mol. After saturation of the chermsorbed
overlayer at 80 K, condensation of NO, occurs with the formation of N,O,
dimers in the multilayer.

Acknowledgements

This work was supported by the National Science Foundation under Grant
No. CHE-8516615. Acknowledgement is also made to the donors of the
Petroleum Research Fund. administered by the American Chemical Society.
for the partial support of this research under Grant No. 15454-ACS5. One of us
(US) gratefully acknowledges the financial support of the Alexander von
Humboldt Foundation.

References

(1] J.C. Fuggle and D. Menzel. Surface Sci. 79 (1979) 1.
[2] J. Segner. W Vielhaber and G. Ertl. Israel J. Chem. 22 (1982) 375.
[3] D. Dahlgren and J.C. Hemmunger. Surface Sci. 123 (1982) L739.
[4] U Schwalke, H. Niehus and G. Comsa. Surface Sci. 152/153 (1985) 596.
[5] U Schwalke. H. Nichus and G. Comsa. in: Desorption Induced by Electronic Transitions.
Eds. W. Brerug and D. Menzel (Spninger, Berlin, 1985) p. 98.
[6] U. Schwalke, J.E. Parmeter and W H. Weinberg. J. Chem. Phys. 84 (1985) 4036.
[7] For example. H. Conrad. R. Scala and R. Unwin. Surface Sci. 145 (1984) 1.
[¥] P D. Schulze, D.L. Utleg and R.L. Hance. Surface Sci. 102 (1981) LS.
[9) M. Kiskinova. G. Pirug and H.P. Bonzel. Surface Sci. 140 (1984) 1.
[10] S.A. Nvarady and R.E. Sievers. ]. Am. Chem. Soc. 107 (1985) 3726.
[11] R.V. St. Louss and B.L. Crawford. J. Chem. Phys. 42 (1965) 857.



293.

U. Schwalke et al. / NO: on clean und chemucally modified Ru(001 )

(12] R. Wiener and E.R. Nixon. J. Chem. Phys. 26 (1957) 906.

(13] H. Ibach and D.L. Mills. Electron Energy Loss Spectroscopy and Surface Vibrations
(Academic Press, New York, 1982):
W.H. Weinberg. in: Experimental Methods of Surface Physics. Eds. R.L. Park and M.G.
Lagally (Academic Press. New York. 1985) p. 23.

[14] G.E Thomas and W.H. Weinberg, Rev. Sci. Instr. 50 (1979) 497.

[15) G.E. Thomas and W.H. Weinberg, Phys. Rev. Letters 41 (1978) 1181. :

[16] T.S. Rahman. A.B. Anton. N.R. Avery and W.H. Weinberg, Phys. Rev. Letters 51 (1983)
1979.

[17] P. Feulner. S. Kulkarni, E Umbach and D. Menzel. Surface Sci. 99 (1980) 489.

(18] P.A. Redhead. Vacuum 12 (1962) 203.

[19] A.B. Anton. N.R. Avery, B.H. Toby and W.H. Weinberg. J. Electron Spectrosc. Related
Phenomena 29 (1983) 181.

[20] T.E. Madey. A.B. Anton. N.R. Avery and W.H. Weinberg. J. Vacuum Sci. Technol. Al
(1983) 1220.

[21] G.E Thomas and W.H. Weinberg, J. Chem. Phys. 70 (1979) 954.

[22] P.J. Feibelman and D.R. Hamann. Phys. Rev. Letters 52 (1984) 61.

[23]) Landolt-Bdmstein. Zahlenwerte und Funtionen aus Physik, Chemie und Astronomie. Vol
II. Part 2(a) (Springer. Berlin. 1960).

[24] R.I. Masel. E. Umbach. J.C. Fuggle and D. Menzel. Surface Sci. 79 (1979) 26.

[25] H.A. Bent. Inorg. Chem. 2 (1963) 747.



