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ABSTRACT

High resolution electron energy-loss measurements of normal and deuterated acetylene
cheinisorbed on Ni(1 II) have been obtaIned. Observed vibrational modes are identified using

• the frequency shifts for the deuterated species and comparisons to the tree molecule and a
di-cobalt compound of acetylene. These vibrational frequencies indicate that chemisorbed
acetylene is strongly rehybridized having a state of hybridization between sp2

~
5 and sp3.

Consideration of the types of modes observed, their assignments and the surface selection rule
suggests a molecular orientation with the C-C bond axis slightly skewed relative to the surface

• 
• and with the plane of the distorted molecule normal to the surface. A bonding geometry is

proposed which has the carbon atoms residing above two adjacent 3 fold hollow sites of the Ni
surface. This molecular geometry differs from that deduced previously by electron energy-loss
spectroscopy for molecularly adsorbed acetylene on Pt( Ill).

Th1s work was partially supported by the Office of NavaL Research.

e
- .



Page 1

I. INTRODUCTION

High resolution electron energy loss spectroscopy (EL.S) has become a powerful.

practical method for obtaining chemical and geometrical information about chemisorbed

species I I. In this paper, we present and interpret ELS results for chemisorbed acetylene on

Ni( Ill). Acetylene adsorption on transition metals surfaces has been studied by several

experimental techniques including Photoemission, LEED. Thermal Desorption and ELS

I 2-10 
~
. Our ELS studies of chemisorbed acetylene on Ni( l II). as well as previous studies on

Pt( 111)) 5 and W( 100) I 6 
~
, show that the vibrations of chemisorbed acetylene are strongly

shifted from those of the free molecule. Such frequency shifts can create significant ambigui-

ties in assigning several of the important vibrational modes of the chemisorbed species. To

minimize such uncertainties In our analysis we correlate our results to the vibrations of gaseous

acetylene and a well-characterized transition metal complex of acetylene. From the vibrational

frequencies of the assigned modes we find that contrary to early photoemission results I 2 (,

chemisorbed acetylene is strongly rehybridized. Using these assignments together with

symmetry considerations and the surface selection rule I II I we postulate a bonding geometry

for acetylene on Ni( Ill) and compare this geometry to that deduced for acetylene on Pt( Ill

I5 I .

U. EXPERIMENTAL PROCEDURES

Electron energy-loss spectroscopy was performed using a two-Stage

analyser/monochromator which typically provides an energy resolution of (nS-80 cnr (8-10

meV) and a low, uniform background as described elsewhere I 5 ~
. A prImary electron beam

energy of 4.2 eV and a total scattering angle of 160° were chosen to optimize the loss signal.

- • , All loss measurements were made in the specular direction.

The Ni( Ill) crystal was spark cut from a single crystal boule into the form of a disk

( 10 mm diameter and 4mm thick) and mechanically polished. The sample was held by a

Tungsten wire ring which nestled into a groove cut about the periphery of the disk. This
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Tungsten wire was in turn mounted to the manipulator. The sample could be liquid nitrogen

cooled (Tmsn~~l4OK) and heated by electron bombardment of the rear side of the crystal.

Temperatures were monitored vi~ a Ni - l0%Cr/Ni thermocouple attached to the crystal.

The sample was pre-cLeaned via high temperature (I 100K) treatments in oxygen ( -  I

* l0~ Ton) and then repolished to remove surface irregularities formed during this treatment .

The sample was then remounted and subsequently cleaned using an initial oxygen treatment at - -

low temperatures (<*00K) followed by Argon ion sputtering (SOOV ion energy and 10 uA ion

current). During Argon ion sputtering the crystal temperature was repetitively cycled between

300K and 1000K. The latter cleaning procedure is essentially that used in earlier studies

I 2,3 ~
. Surface cleanliness and ordering were monitored by Auger electron spectroscopy and

LEED, respectively. Reagent grade acetylene (99.9%) and its high purity deuteratcd counter-

part were used and examined for impurities in-situ by mass spectroscopy. We note tba~
although the pressures in the experimental chamber were typically about 1*10 ~~~~ we generally

observed trace contamination of CO (� 0.02 monolayers) on the sample after do~~n~

Ill. EXPERIMENTAL RESULTS

In Figure 1. we show the vibrational loss spectra for a 3 x I 0~’ Ton-sec (3 Lang-

muirs,L) exposure of acetylene (top) and deuterated acetylene (bottom) to Ni (Ill) at room

temperature. This exposure gives rise to a p(2x2) LEED pattern. Further exposure at room

temperature produces a second hydrocarbon phase with new peaks at “-780 and 2980 cm~ for

normal acetylene and 590 and 2160 t for deuterated acetylene, as described elsewhere
-

• I 10 ~ Exposures at low temperature (T~ 140K) prior to multilayer condensation produce

spectra similar to those in Fig. I with three minor exceptions. Namely, the weak loss feature

at 680 cm~ is more pronounced, the loss at 5 LO cm~ (or 470 for deuterated acetylene) has a

slightly lower intensity, and the shoulder on the ‘-1200 cm’t loss at ‘-1400 cm 1 for normal

acetylene is not visible. This latter feature is also coverage-dependent at room temperature.
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In Fig. I. we also show an enlarged section of the loss in the C-H stretching region

obtained at low temperatures (T—200K) with coadsorbed deutenum. The full width of this

peak at half maximum is the smallest when hydrogen or deuterium are coadsorbed (- 10  cm 1

greater than the incident beam width of 80cm’t ). Without chemisorbed hydrogen or deuterium

this peak widens to —100 cm-1 . We also see no indication of the admixture of coadsorbed

deuterium into the adsorbed molecule.

The large loss feature at —1200 cm’t is also broad and appears to be asymmetric. In

Fig. 2 we show an enlarged section of this region obtained with a better signal to noise ratio.

These spectra not only show the weak — 1400 cm 1 loss for normal acetylene but also a weak

loss at 1065 cm 1 (The corresponding weak peaks for deuterated acetylene are either shifted

out of this range or obscured under the 1190 cm’1 loss.) As mentioned earlier , the intensity of

the loss near 1400 cm t is variable and depends upon sample temperature and exposure--

effects which lead us to believe that this loss arises from small amounts of another species and

not from chemisorbed acetylene.

The presence of coadsorbed hydrogen on the surface also effects the intensity of the

‘-1200 (1190) cm~ loss relative to the other peaks. Namely. coadsorbed hydrogen reduces the

intensity of the 1200 (1190) cm ’t loss feature by a factor of — 4 for normal acetylene and ‘-2

for deuterated acetylene. For chemisorbed acetylene formed from the dehydrogenation of

ethylene on Ni( 111) at room temperature, we also see the same pattern of relative intensity

changes as observed in the presence of coadsorbed hydrogen. This confirms the presence of

coadsorbed hydrogen after the dehydrogenation of ethylene as suggested elsewhere I 12

In general, coverage-dependent shifts in the observed losses were not significant and

were not studied in detail. Variations of up to 10 cm’t in peak positions did occur over the

course of our studies but these may not be meaningful due to small changes in sample and

spectrometer alignment. Therefore, the tabulated frequencies we present later represent mean

va lues and are accurate to — ±5 cm ’1.
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IV INTERPRETATION

A. Vibrational Assignments

An assignment of some of the vibrational losses can be made straightforwardly by

considering the spectra of normal and deuterated acetylene. In particular. the C-H (C-D)

stretching modes must be assigned to the 2910 (2190) cm t losses while the loss features at

510 (470) cm 1 and 1220 (1190) must be related to the carbon derived modes, the C-M and

C-C stretching modes, respectively. To make any further assignment requires additional

information which we obtain from a well-characterized acetylene-transition metal compound

C,H.~Co,(CO)6. This particular acetylene compound is the only 3d-transition metal compound

we know of which is both structuraUy and vibrationally (including a normal mode analysis)

well characterized I 13,14 I . Although the relationship of this complex and its vibrations to

chemisorbed acetylene on Ni can be questioned, it nevertheless provides a very useful guide in

correlating and assigning the vibrations that we observe.

in Table I, we summarize the assigned vibrations of gaseous acetylene I 15 I and the

acetylene-cobalt compound I 13 I. as well as the vibrational losses observed for chemisorbed

acetylene on Ni( 111). We also indicate the assigned vibrations for acetylene on Pt (III) I 5 I
and ethylene di-chioride I IS I for a later discussion. The symmetry assignments of the modes

for this acetylene di-cotaii complex ~~~ symmetry) are also given.

The trends in frequency in going from gaseous acetylene, complexed acetylene and

chemisorbed acetylene on Ni that are given in Table I, are illustrated in Figure 3. Here, the

solid lines and dashed lines represent the frequency trends for normal and deuterated acetyl-

ene. respectively. The dotted lines show the frequency trends for deuterated acetylene which

have been multiplied by the indicated factor to crudely account for isotopic frequency shifts.

These trends confirm our initial assignment of the C-H, C-C and C-M stretching modes. We

can also readily correlate the 8(C-H) in-plane-deformation modes. Although a weak loss

observed at 680 cm’t for normal acetylene on Ni could be related to an i(C-H) out-of-plane

deformation mode, ii is most likely derived from minute amounts of adsorbed H~0. (The

_ _ _
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assignment of this vibrational loss as the v(C-H) out of plane deformation mode also turns out

to be inconsistent with our other assignments and the deduced geometry to be discussed later.)

Further support for these vibrational assignments occurs when we compare the

frequency ratios of normal and deuterated acetylene for gaseous, complexed and chemisorbed

acetylene. Here we observe a uniform trend in the ratios for these different states of acetyl-

ene. For example, the t’(C-H)/v(C-D) ratios increase from 1.2491, 1.3 209 to 1.3310; the

8~(C- H) ratios increase from 1.2 119 , 1.2757 to 1.3462; while the v(C-C) ratios decrease from

1.1203, 1.0416 to 1.0167. Since the mass differential between Co and Ni is small, we might

expect such trends to exist on a chemical basis.

B. Frequencies and Intensities

In making our vibrational assignments. we have not considered the magnitudes or

detaded frequencies of the observed )osses. Instead, we have depended upon isotopic shifts

together with the general trends between chemically related states of acetylene. We now

examine the frequencies and intensities of these assigned losses and consider their implication%

to the structure of chemisorbed acetylene.

The frequency shifts of both i ’(C- C) and t’~(C-H) vibrations indicate a strongly

rehybridized species. This rehybridization is greater than occurs for acetylene in the firs t

excited state , ‘Am. where both the geometry and vibrational frequencies have been established

I 16 .17 I. This latter geometry is generally characteristic of sp~ hybridization with the

hydrogen atoms in a planar trans-cont~guration and a C-C bond length of 1.38A. The

vibrations for the A state were determined to be 3000 (221 5) .  1380 (1310) and 104Q (8401

cm ’t for the symetric i’(C-H). v(C-C) and 5(C-H) modes, respectively I 1t~ ~
. The similarities

between the vibrations of the first excited state of acetylene and those for the cobalt-acetylene

compound or chemisorbed acetylene raise many interesting questions related to the nature ~‘f

bonding. This has been discussed for the acetylene compound previously I 13,14 I and is not

considered here.

LA
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We can also relate the u(C-C) and v5(C-H) frequencies observed for chemisorbed

acetylene to those for C, hydrocarbons--a classical approach in infrared spectroscopy. These

frequencies are shown in rig. 4 plotted as a function of C-C bond length. If we directly

correlate our frequencies for chemisorbed acetylene to those for free molecules, we expect a

C-C bond length for chemisorbed acetylene between l.47-1.54A i.e.. a bond length character-

istic of sp2’6 to sp3 hybridization. However, one can question whether the bond order-bond

frequency relationship commonly used for free molecules is directly applicable to adsorbed

acetylene. This may arise for two reasons. First, the C-C vibration may occur so close to the

surface that other interactions or solid state (e.g., screening) effects may also shift u(C- C)

frequencies. Such an effect is certainly not large since both u(C-C) and v(C-H) vibrations

correspond to similar states of hybridization. Secondly, the partial occupation of the ,r orbital

of chemisorbed acetylene, which is believed to occur in bonding I 17-20 I. may modify the

bond frequency/bond length relationship from that occurring in the ground-state molecule.

This effect is suggested when we compare the vibrations and geometry for the ‘AM state of

acetylene. As shown in Fig. 4, the frequencies of ‘AM acetylene are smaller than that expected

on the basis of its C-C bond length. Although this difference may arise from uncertainties in

the geometry of ‘AM acetylene, 
such discrepancies may also limit the use of vibration / bond

length relationships of free molecules to determine detailed geometric information. If we

account for such discrepancies for the ‘AM state we estimate a C-C bond length of l.45- 1.49A

for chemisorbed acetylene on Ni. This corresponds to a state of hybridization between

sp2’5-sp2 8 and places a lower bound on the state of hybridization.

A detailed determination of the CCH angle for chemisorbed acetylene to corroborate

this hybridization state would require an analysis of the observed intensities J 21 I which we do

not do here. We hesitate in relating gas phase absorption measurements to the intensities

observed for chemisorbed acetylene since the bonding to the metal atoms may alter the

deduced “effective” ionic charges.
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The bonding symmetry and the onentatation of chemisorbed acetylene relauve to the

Ni( Ill) surface can be deduced from the number and types of vibrations observed as well as

the ‘surface selection rule” I II I that only modes with components of their dynamic dipoles

normal to the surface will be strongly excited under our experimental conditions. From

symmetry considerations, the presence of two 8(C-H) losses indicates that C, symmetry is

broken. This, together with the fact that coadsorption with hydrogen narrows the CH

stretching frequency and reduces the intensity of the CC stretching loss, implies that the initial

chemisorbed state of acetylene has its molecular axis inclined relative to the surface. We note

that the intense i’(C-C) loss and the weak 1400 cm t loss (a possible CH~ scissor vibration)

could be interpreted to indicate the presence of a C~~CH~ species bonded end on to the

surface analogous to new species observed on Pt( 111) I 4 I However, the weak loss at I 400

cm’t was not always observed at lower temperatures despite the presence of all other losses.

Also, the adsorption of normal acetylene onto a surface with preadsorbed deuterium, or the

adsorption of deuterated acetylene onto a surface with preadsorbed hydrogen, did not show

any isotopic mixing as found on Pt( ill) I 4 I. In view of these results and the excelknt

correlation of the vibrations shown in Table I and Fig. 3, we rule out such vinyl type species.

Further information about the degree of inclination of the C-C bond axis to the

surface is contained in the CH stretching vibrations. The CH stretching loss is broadened hut

not split into two distinct CH stretching frequencies. This indicates that the differences in the

environment of the two CH groups is not be too great and suggests only a small angle of

inclination. A small angle of inclination might at first appear to be inconsistent with the

intense C-C loss observed. However, from calcutations of the dynamic dipole of acetylene

bonded to Be clusters, it is found that a large dynamic dipole can occur due to the charge that

couples to the metal atoms I 22 
~
. Here, vibrations of the C-C bond of acetylene which lies

“flat” on the cluster can induce large dynamic dipoles perpendicular to the C-C bond asts.

Thus, a strong excitation of C-C vibrational modes may occur even if the C-C bond axis of

acetylene were to lie flat on the surface.
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Although we can predict the general orientation of acetylene on the surface, its

location on the surface is less certain from our results. The strong rehybridization and smaller

v(C- M) frequency than *curs for the di-cobali compound argue for the bonding of acetvkne

to high coordination sites on the surface . Such a site would also have to facilitate the afore-

mentioned molecular orientation. One such bonding geometry is shown in Fig. 5 (a). This

geometry is consistent with the observed LEED pattern and the observed manner of formation

of CH species on Ni( 111 ). I 3 I Such a geometry is also analogous to that determined for

organometatlic alkyne compounds where the alkyne is coordinated to two metal atoms

(M-bonded) as in C~H,Co,(CO)6~ 13 I and other compounds I 23-24 ~, or coordinated to three

m etal atoms in a pyrimidal four metal atom cluster I 25-26 j. For our proposed geometry, the

electronic inequivalence of the two three fold hollow sites ,~n Ni( L i i)  would naturally lead to

an inclination of chemisorbed acetylene and our ability to observe both ö(C-H) modes. If w~.

consider a steric model which used our deduced C-C bond lengths of I.45- l.49A ( l . 5 4A)  and

assume ~he carbon atoms lie directly above each three fold hollow site, we determine an

inclination of 10_17 0 (22 0 ), respectively. In Fig. 5a, we arbitrarily show an angle of inclina-

tion of 20°.

C. Comparison to Acetylene on P1( il l)

V ibrational loss spectra have also been measured and interpreted for acetylene

chemisorbed on Pt( I Ii) at low temperatures 4 
~
. Under these conditions, acetylene is

associatively chemisorbed prior to subsequent reactions with the surface at higher temperatures

I 4,27 ~. The vibrational losses for chemisorbed acetylene on Pt( ill) and their assignments

are shown in Table I and are generally consistent with the trends in the frequencies we observ e

for free acety lene and complexed acetylene. (We note the poor correspondence of the

vibrations of ethylene di-chloride to chemisorbed acetylene on either Ni or Pt.) In comparing

the v(C-C) and i’(C-H) frequencies for chemisorbed acetylene on Pt( III) and Nit 111 ) .

acetylene on Pt( Ill) appears to be a less rehybridized molecule than on Ni( 1111 . The

strikingly different relative intensities of the i’(C-C) and i’(C-H) modes as well as the frequen-
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cy differences in the modes on Ni and Pt suggest that different molecular orientations occur.

The model geometry which best describes the orientation of chemisorbed acetylene on Pt( Ill)

is shown in Fig. 5b and was originally proposed by Ibach and Lehwald I 5 
~
. Alkyne orga-

nometaltic complexes bonded to three metal atoms exist which have the carbon atoms in a

similar bonding orientation to that shown in Fig. 4b I 28,29 
~
. Interestingly, ab-initio Hartree-

Fock LCAO SCF calculations of acetylene bonded to Be3 clusters in a location similar to that

shown in Fig. 4b indicate that the plane of the molecule also prefers to be skewed to the

surface of the cluster as shown in Fig. 4b I 22 J.

V. DISCUSSION AND SUMMARY

In our analysis, we have considered the implications of the adsorbate/surface symme-

try as well as the surface selection rule, but we do not explicitly exclude surface selection rul.e

“forbidden” modes in our assignments. We cannot rule out the possibility that weak loss

features may arise from non-dipole (short range) excitations I 30-32 I or from other effects

associated with bonding to the surface atoms. However , the observed modes and our assign-

ments are consistent with the presence of a surface selection rule, This is not surprising

considering that we choose experimental conditions which are expected to preferentially favor

optical (long range) excitations. I 30 I.

The vibrational frequencies we observe for chemisorbed acetylene are strongly shifted

from those of the free molecule. Both isotopic shifts and a correlation of frequencies to those

of gaseous acetylene and an acetylene-cobalt compound are used to assign the vibrations. The

frequency shifts we measure for the ELS active vibrations of chemisorbed acetylene (see Fig.

3) are also physically plausible. The C-C and C-H stretching vibrations are reduced due to the

rehybridization of the molecule caused by bonding to the surface. The increased frequency of

the in-plane C-H deformation modes can arise from a stiffening of these force constants

associated with the bonding to the surface. Finally, the reduced C-M frequency can arise from

the higher coordination possible on the surface than in the di-cobalt compound.
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Our results indicate that chemisorbed acetylene on Ni( III) is strongly rehybridized

(sp2’5 -sp30) and suggest a particular bonding geometry analogous to known organometallic

alkyne compounds. Wc ftote that in our analysis we have avoided describing the nature of the

bonding in terms of e or di-o modes of bonding. As found in acetylene-Be cluster calcula-

tions, such designations can be difficult to make based upon the geometric orientation alone

I 22 ~ Our proposed bonding geometry has the carbon atoms residing almost directly above

two adjacent three-fold hollow sites and at slightly different distances above the surface. The

hydrogen atoms are strongly bent back and pointed away from the surface. Such a geometry.

and particularly the inclination of the C-C bond axis relative to the surface , is consistent with

recent calculations by Anderson I 33 I. This strongly distorted C~H~ species is also consist-

ent with the C-C bond breaking observed in forming CH species from acetylene Ofl Ni( I ll)

I 3 I. but appears contradictory to early photoemission studies I 2-4 I - In those studies tIme

close similarities of the higher lying ionization levels of chemisorbed hydrocarbons on Ni

relative to their gas phase counterparts lead to the conclusion that only small distortions

occurred I 2 I . Although a more detailed analysis of the geometry-induced level shifts of

acetylene supported this conclusion I 4 I. both of these early conclusions concerning acetyl-

ene were uncertain due to the limited number of levels experimentally observed. The recent

observat ion of the lower lying ionization levels of these species with filtered ha’ — 40.MeV

radiation I 34 I prompted a new analysis which concluded that a strongly distorted acetylene

species was also consistent with the observed photoemission levels.

The differences in the state of hybridization and the bonding geometries of acetylene

chemisorbed on Ni( Ill) and Pt( 111) are interesting. Such differences are also likely related

to the differences in the reactions of acetylene on Ni and Pt( Ill). Namely, heating chemi-

sorbed acetylene on Ni( 111) causes dissociation at 400K and leaves atomic carbon I 3 I

while on Pt( III) vinyl-like species form above 300K ! 4,5.27 I .  The difference in

bonding geometry may arise from two related but distinct sources. The first is a geometric

effect associated with the differences in the surface lattice constants of Ni and Pt 

~~~~~~~ _ _ _  -- - —  .--
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(d~~p,~.i2.4$A. ~~~~~~~~~ Namely, the greater distance between sdIacent tltree4old

hollow sites on P1(111) (I .6OA) than on Ni( I I I)  (1 .43A) may not allow (or the optimal

overlap of adsorbate and substrate wavefunctions. This may favor another high coordination

bonding orientation on Pt. Secondly, these different geometries may arise from the difference

in the character of the wavelunctions of Ni and Pt, i.e.. the tail of the Ni wavefunction is more

s-hke and less d-Iike than Pt. Other evidence supports this latter possibility I 35-311 I.

Other recent studies of acetylene coadsorbed with hydrogen on Ni( ill) (formed from

the decomposition of ethylene) show similar vibrations to those observed here. modulu some

small differences in the frequencies and relative intensities I 39 I. These studies assign the

frequencies on the basis of a normal mode analysis for a bonding site analogous to that shown

in Fig. 4b (Other bonding orientations were not considered.) This gives rise to a different

assignment of the vibrations than found here and leads to significant discrepancies between the

observed and the expected intensities based on the surface selection rule.

An interesting comparison of our ELS results for chemisorbed acetylene can be made

to IR studies of matrix isolated acetylene Ni cluster compounds formed under cryogenic

conditions. Preliminary results on mono-Ni compounds indicate a weakly rehybndized

acetylenic species I 40 (. Whether this phase is a precursor to a more strongly adsorbed

species or a result of the minimal coordination possible with one Ni atom remains to be

determined. Theoretical calculations for acetylene bonded to one nickel atom also indicate a

weakly distorted species; however, multiply bonded structures involving severa l Ni atoms have

not yet been theoretically Investigated I 37 ~

I



-

~~~~~~~~~~~~~~~~~~~~~~~~

-.- -

~~~ ~~~

- 

~~~~~~~~~~~~~~~~ 
- -

~~~~

Page 12

Acknowledgem~~~

We wish to acknowledge the assistance of Dr. Lehwald and Mr. Bruchman in these experi-
ments and the Institut fur Grenzfachenforschung and Vakuumphysik der Kernforschungsan.
tage, Julich for making this coliaboration possible. We also thank Dr. Ozin and Drs. Bertolini
and Rousseau for making work available prior to publication.

~~~~~~~~~~~~ . -~;-=~.--- -~--



13

41

.- — 0
— a~~ N—  O~~~ 

U
v t.j ~~ m m r’~o In— r~~O41 • II ~~ 0 In — I’- In 

~~
‘ c.~ ~ ~~

.,-

0.0~~ U a
-— C) 0 ~tD N

~ -~.41— :  ‘0 ~~~‘ —C) — — — a a a 15
— a E E E - - 3  sov — c  — In o ~~~— LI %O f~ I — N ,- —o 4.1 ‘5 — N N N I 1I  In I., ,-a. — —so — — — — — — mlc,’o a ,  a. i •s. E i  3 a E 3  t o t  — E ,

~~N ‘0 1  0 In 00 0 *  5 0 41a 4) = — — N .~~‘ i~ i • ~~. ~~~N 0 In N I 41 U ~ ‘— ‘0 0o ’— - a w •£ LI .41
1.4 C.)

~ ‘ 0 4)
— a ~~~~~~~~ a X C) 41 f.41 0 a Ia g~~ g ~0 In 0 0  0 LI — ‘0i*.e Q -.4 — a~ m N .1.) 0 za ~~

- , (5 N 41LI — 41 — N — 7 LIo o — — — — — —41 C) Z I  I a — —41 “. E  E l  ~ E 3  E ‘~~~ o n
Ut — 4) Nt) In I In In ~~ in I S .~~ se4.) ).

~ ,41 = ~~ N ~~ 0 I I I 4) .o: a.’ o~ N-p I ~ N m o in m o. 1.4 z —4 1 4 1  N — — ~~C) • 41
41

~ ~~1.5 41 lfl C) N — ‘- N N 0 Cl
‘,O iC~Z ( l( 0 LI ‘5 .41 -IS 15 .4 0 a a a a 4) 55 5,) ~~LI C. N N N — 0 In — • IS —4 1 4 1 — I  ~~ CJ InC~ ~ 0 I n  ~~~~~‘0a)  to N ~~ N in in ~ 5) m ~0 0 4 1  ) C N  NN

E 41 41 C~ 0 — Ut ‘.4 ‘5 0 4)
‘0 4.~ ‘.~~~U I ’  ‘5 0 ’ 0 E . 41~ .~~O— — a. N ~.D ‘.0 ~~ m ~~ in — I I N Z 41 s-i ~~‘4 ~~4 Z C .

~~~ m C itt I I 0 ‘0 IS . •41 Cl N ‘ O  ~ N ‘.~ I I N 4) n. ~ to0 4 1 4 1  LW “‘‘* ‘ 41 -0 IS 4)o’m
U) 4)
U) .0. 0 4 1 - i  15 N 0..41 15 .

‘.4 5) 4) a a a 0. 15 3 5) —
> IS LI — N N a a LI (5ON ‘.0 itt G% — W~~~ 3 . 0’N e N C m — = itt ‘.4 1.4 LI
.44 N N in in IS ~~14 — — — — — 41 • • • 4)4) I i  i t  ‘.4 ~~~~~~~~~~~~~— Ca3 N ‘5 N ~~ N I I I I I
.0 N N ~~~~N I I I I  I -4IS N N 0’. ‘.0 N I I I I I LI • •f. Cs. U I~~~~~ — 0 IS

E~~~>,U) >. U3 ).. Vt
53 14 15 15 1 5 1 4  0 14  15

C)
I I  I I  I I  I I  C.)

41a a a a a - —= U = LI
I I I I I I 4)• U U U U U Z— — — — — — 417 7 ‘0 7 .4 7 



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

______________________________________________________ 14
I 

Ni(III)

z2000

~~~~xI200

~ 
3L C2D2

0 000 2000 3000
ENERGY LOSS (cm ’)

Fig. I: The vibrational loss spectra for a 3x106 Torr-second exposure (3L) of normal

acetylene (top) and deuterated acetylene (bottom) to Ni( Ill) at room temperature. The

insert shows an expanded view of the C-H stretching region for acetylene coadsorbed on

Ni( Ill ) with deuterium at 1-200K.

I I I I

C2H2 C202

000 l~~0 1400 1000 1200 400

ENERGY LOSS (cm 1)

Fig. 2: Expanded section of the vibrational loss spectra about — 1200 cm 1 for a 3x I 0”

Torr-second exposure of normal acetylene (right) and deulerated acetylene (left) to Ni( I l l )  at

room temperature. These spectra were obtained after cooling the sample to 140K.
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Fig. 3: Correlation diagram of the vibrational modes of the acetylene molecule in the gas

phase, in an organometallic di-cobali compound and chemisorbed on a Ni( Ill) surface. The

solid lines and dashed lines correspond to the frequencies for normal and deuterated acetylene.

The dotted lines show the frequencies (or deuterated acetylene after being scaled by the

indicated factor so as to crudely account for isotopic shifts.
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Fig. 4: Observed symmetric C-H (+) and C-C (.) stretching frequencies for gaseous ~~~~
C,H4 and C2H6 plotted verses C-C bond length. The frequencies for the A~* state (first

• excited state) of free acetylene are noted while those observed for chemisorbed acetylene on

Ni( ill) are indicated by the open circles.
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TOP ViEW

SIDE ViEW

(a) (b)

Fig. 5: Proposed bonding geometry and molecular orientation for (a) acetylene on Nit III)

and (b) acetylene on Pt( Ill). For geometry (a) the hydrogen atoms are bent strongly away

from the C-C axis and the two carbon atoms lie at slightly different heights above the surface.

(The molecular plane of acetylene is normal to the surface.) For geometry (b) the carbon

atoms lie along a line parallel to the surface while the molecular plane of acetylene is inclined

at some angle to the surface.

~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ •~~~~~~~~~~~~~~~~~~



Page 18

REFERENCES

1. H. Froitzheim, “Topics in Current Physics, Vol 4: Electron Spectroscopy for Surface
Analysis”, Ed H. Ibach, Springer-Verlag, Berlin Heidelberg, 1977.

2. 3. E. Demuth and D. Eastman, Phys. Rev. Leti 32. 11 23 (1974), Phys. Rev. 813 1523

(1976).

3. .1. E. Demuth, Surface Sci. 69, 365 (1977)

4. J. E. Demuth. IBM Jour Res. and Dev. 22. 265 (1978)

5. H. Ibach and S. Lehwald, 3.Vac . Sd . and Tech. 15,407(1978)

6. C. Backx and R. F. Willis, Chem. Phys. Letters 53 47 1(1978)

7 . 1. V. Vorburger~ B. 3. Waclawski and E. W. Plummer. Chem. Phys. Letters 46. 42
(1977).

8. 0. Broden and T. N. Rhodin, Chem. Phys. Letters 40. 247 (1976): G. Broden. T. N
Rhoden and W . Capehart, Surface Science 61 , 143, (1977) .

9. 3. E. Fischer and S. R. Kelemen, Surface Sci.74 47 (1978)

10. 1. 1. Kesmodel, 1. M. Dubois and 0. A. Somorjai. Chem. Phys. Letters 56 267

(1978)

11. E. Evans and D. L. Mills, Phys. Rev. B~ 4 126 (1972).

12. .1. E. Demuth. Surface Sci.76, 1603 (1978).

13. Y. lwuhit*, F. Tamura and A. Nakamura, Inorg. Chem. 8 1179 (1969)

14. Yuj l Iwashiss, lnorg Chem 9 117$ (1970).



-

~

Page 19

t~ G. Hertzberg, ‘Molecular Spectra and Structure ’ Vol II. Van Nostrand Co.. New

York, 1945, pp. 180.288. and 330.

lb. C. K. Ingold and G.W . King, 3. CHem. Soc. 2725 (1953)

17 . K. K. lnncs, 3 . Chem Phys 22 863 (1954).

18. N. Rosch and 1. N. Rhoij in. Phys. Rev. Leti. 32 1189 (1978)

19. R. P. Messmer. “The Physical Basis (or Heterogeneous Catalysis”. F. Draugli~ and R.

I. Jaffee, eds, Plenum Press New York 1975. p. 26 1.

40. W. C. Swope and H. F. Schaefer 111.3. Amer. Chem. Soc. 98 7962 (1976) : Mo~ecular

Phys.. 34 . 1037 (1977).

2 1. H. Ibach. H. Hopsier and B, Sexton AppI. Phys. 13. 2 1 (197~’).

22. 3. E. Demuth. to be published

23. 1. Wang and P. Coppens. lnorg. Chem. 15. 122 (1976).

24 . F. A. Cotton. 3. D. Jamerson and B. Ray Stults. 3. Amer. Chem. Sot’. 98 l ’’4

(1976).

25. M. 0. Thomas, E. 1. Muetterties . R. 0. Day and V . W. Day 3. Amer. Chem. Soc. 98

4645 (1976).

26. 3. L. Davidson, M. Green, F. G. A. Stone and A. 3. Welch . I. Amer. Chem. Soc. ~~~~~.

7490 (19 73).

27 . J. E. Demuth Surface Science 80.102 (1978)

28. R. P. Dodge and V . Schomaker, 3. Organometallic Chem 3 274 (1965).



Page 20

29. C. 0. Pierpont, lnorg. Chem. 16, 636 (1977).

30. D. Sokievic, Z . Lenac, K. Braks and M. Sunjic, 2. Physik B28. 273 (1977).

31. 3. W . Davenport . W . Ho and 3. R. Schrieffer, Phys. Rev. 817 . 3 11 5 (1978) .

32. W . Ho, R. F. Willis and E. W. Plummet, Phys. Rev . Letters 40, 1463 (1978) .

33. 3. E. Demuth, Surface Science, to be published.

34. A. B. Anderson, 3. Amer. Chem. Soc. 100. 1153 (1978)

33. 3. E. Demuth, Surface Science 65, 369 (1977).

36. R. P. Messmer, D R. Salahub. K. H. Johnson and C. V . Yang. Chem. Phys. [.et lers
51, 84 (1977).

37 . 1. Upton and W . A. Goddard 111,3. Amer. Chem. Soc.lOO, 321 (197$).

38 . H. Kobayashi. H. Kato, K. Tarama and K. Fukui, 3. Of Catalysis 49. 294 (1977).

39. 3. C. Bertolini and 3. Rousseau, to be published.

40. Geoffrey A. Ozin, private communication.

I
..
~~~~~~

. -~~~~~~~••



~ 7 : C .~~~’ ’~~,’ :.,.~

TEC1~NICAL gEPORT DIsTRI3UT O’ L:~~:. ~.E;

No.
Copie s C ,~i.

~~:i~~ e of Naval Research Defense Documentation Center
.5 )U ~Jo:th ~uincy Street Building 5 , Cameron Stat ion
. l ~ ugcon . Virginia 22217 Alexandria , Virginia 22314 12
Attn: Code 412 2

U.S. Army Research Off ice
.‘~~~ ( l~ranch Of f ice  P.O. Box 1211

~~ S. Clark Street Research Triang le Park , N.C. 27709

~hica~o , Uhir,ois 60605 Attn: ~~D—AA — lP 1 1
At t n :  Dr. George Sandoz 1

Nava l Ocean Syste ms Center
ON~ 3ranch Of f ice San Diego , Cal if ornia 92 ’2

~‘1S Broad~ av Attn: Mr. Joe McC .irtney
New Y~ rk . New York 10003
At t n :  Scien tific Dept. 1 Naval Weapons Ccnter

Chin a Lake , California 935S5
,~~~~ ~~anch Office A ttn : Dr. A. S. Anster
! ‘) 30 l.~ st Green Street Chemistry Division

~~~~~~~~ C a l i f o r n i a  9 1106
.t r . tn :  Dr. R. J. Marcus 1 Naval Civil Engineering Laboratory

Port Huenene , C a l i f o r n i a  93401
O~~ Ar ea Of f ice At t n :  Dr. R. W. Drisko

• One H.~Uidie Plaza , Suite 60)
Sa~ Francisco , California 94102 Professor K. E. Woehie r
.~ttn :  Dr. P. A. Miller 1 Department of ?hys ics & Che istr:..

Naval Postgraduate Schoo l
ONR B anch Office Monterey , Calif .~’rnia 93940
3ui1d~ n~ 114 , Sec t ion D
ô6~, Si nner Street Dr. A. L. Slafkoskv

~os~ o’~, Massachusetts 02210 Scientific Advisor
.~~tn: Dr. L. H. Peebles I Cot~~andant of the Marine Corps

(Code RD—i)
D ircc:or , Naval Research Laboratory Wash ington , D.C. 20380
Wash iflgton, D.C. 20390
At tn : Code 6100 1 Off ice  of Naval Research

800 N. Quincy Street
The Assistan t Secretary Arlington , Virg inia 22217

of :he Navy (R ,E&S) Attn: Dr. Richard S. Miller
Depar:ment of the Navy
Room 3E736 , Pentagon Naval Ship Research and Development
Waah i~ gcon , D.C. 20350 1 Center

Annapolis , Mary land 21301
• Comma.’~der , Nava l Air Systems Co~~and Attn: Dr. C. Sosnajian

Department of the Navy Applied Chemistry Division
Washington , D.C. 20360
Attn : Code 310C (H. Rosenwasser) 1 Naval Ocean Systems Center

San Diego , Cal i f o rn i a  9l2~~.~t~n: Dr. S. Ia.~~~~:o, r i
Scienc es vi~- ion



I
4 72 :GAN :~~~0:~~.• 7Su472—6~...

TECHNICAL REPORT DISTRIBtJTIOU LIST, 056 
-
~~

No.
Cop ies 

____

Dr. 0. A. Vroom . Dr. J. E. Dem ~h
IRT IBM Corp rt.~ n
P.O. 3ox 80817 Thomas J atson Research Center
San Diego , California 92138 1 P.O. Box 18

Yorktow 1 ights , New York 10598
Dr. C. A. Somorjai
University of California Dr. C. P. Flynn
Departnent of Chemistry University of Illinois
Bcrkclcy, California 94720 1 Department of Physics

Urbana , I l l i noi s 61801 .

• Dr. L. N. Jarv is
Surfa~ c Cht.~mist ry Division . Dr. W. Kohn

• 

• 

4555 Overtook Avenue .’S.W. Unive rsity of California (San Diego)
Washington , D.C. 20375 1 Department of Physics

LaJolla , C a l i f o r n i a  92037
Dr. J. B. Hudson

• Rensselaer Pol ytechnic Ins titute Dr. R. L. Park
Mat erials Division Director , Center of Materials Research

• Troy , New York 12181 1 University of Maryland
Colle ge Pa rk , Mary land 20742

Dr. Joh n T. Yates
• N~ t i~~~~t ~urL’au of Standards Dr. W . T. Peria

Dcp artncnt of Commerce Electrical Engineering Department
Surf~:cc Chemistry Section Un iversity of Minnesota
Wa sh i n~ ton , D.C. 20234 1 Minneapolis , Minnesota 55455

Dr. Theodore C. Madey Dr. Narkis Tzoar
Department of Commerce City Un iversity of New York
Naticnal Bureau of Standards Convent Avenue at 138th Street

• Surface Chemi stry Section New York , New York 1U~)31Washington , D.C. 20234 1
Dr. Chia—we i Woo

Dr. .3. H. White Northwestern University
University of Texas Department of Physics
Department of Chemistry Evanston , Illinois 60201
Austin , Texas 78712 1

Dr. D. C. Hattis
Dr. ~~ . W. Vaughan Yeshiva University
C a l i f o r n i a  Ins t itut e of Technology Phys ics De~artmencDiv ISLOfl of Chemistry & Chemical Amsterdam Ave nue & 185th Street

Eng ineering New York , New York 10023
• Pasadena , CaLifornia 91125 1

Dr. Robert M. Hexter
Dr. ~:.f ich H. Johnson University of Minnesota
Massacr,usects Institute of Technology Department of Chemistry
Depar tment of Metallurgy and Materials Minneapolis , Minnesota 55455

Scien,’j
Cambri~i&~c , Massacnusetts 02139 1 ~.



• 4 7 2 : C A N : 7 l 6 : t ~~
• 

78u472—60 8

• TECHNICAL REPORT DISTRIBUTION LIST , 056

No.
Cop ies

Dr. Leonard Wharton
James Franck Institute
Department of Chemistry
5640 E l l i s  Aven ue
Chicago , Illinois 60637 1

Dr. ~~. C. L ag al ly
Department of Metallurgical

and Mi n ing Engi neer ing
University of Wisconsin
Madison , Wi sconsin 53706 1

Dr. Robert Corner
James Franck institute
Department of Chemistry
5ó4 0 E l l i s Aven ue
Ch ica 3o , Illi nois 60637 1

Dr. R. C. Wallis
University of California (Irvine)
D~par:ment of Physics
Irvine , C a l i f o r n i a  92664 1

Dr. r. Ramaker
Chemistry Department
C~nr~e Washington Un iversity
Wasnington , D.C. 20052 1

Dr. P. Hansma
Checiistry Department
Unive rsity of California ,

Sar t a  Barbara
SantL Barbara , California 93106 1

Dr. F. Hendra
Chcm.s rry Department
Soutl hampton Un iversity
Eng l.nd SO9JNH 1

• Professor  P. Skell
Chemistry Department
Pennsy lvania State Un iversity
Unive rsity Park, PennsyLvania 16802 1

_ _ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~~~~ -~~~~~~~ • -- -. - -—• -
~~~~~~~~~

• . -
~~~~~ - .•~~ 

- -
~~~~~~~~~~~~

—.
-• _ ___A


