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Initial State Shift of the Carbon 2s Levels of Chemisorbed

Hydrocarbons on Nickelt

J. E. Dernuth

IBM Thomas J. Watson Research Center. Yorktown Heights, New York 10598

Typed by: W. L. Wilson

Abstract: uv photoemission results using filtered hi. — 40.8 eV radiation show strong
shifts in the low-lying C 2s-derived levels of chemisorbed hydrocarbons on Ni relative to the
higher-lying o~levels. These differential shifts provide evidence I or initial state potential
and/or rehybridization effects which are important in interpreting high-lying valence orbital
shifts and the bonding of chemisorbed species.
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F Here , we present filtered hr — 40.8 eV photoemission results for chemisorbed

hydrocarbons on Ni which show a new type of chemisorption-induced shift in the low-lying

C 2s-derived states that has not been detected for other cheniisorption systems. Namely, we

find that the ionization levels of the low-lying C 2s-derived a-states are shifted by 1 eV to

larger electron binding energies and broadened relative to the ionization levels of the GCC and

OCH
_derived states - a similar effect as observed for the ir-orbitats 1 . These low-lying

C 2s-derived valence states for chemisorbed hydrocarbons have not been observed previously

nor have they been explicitly considered theoretically despite numerous recent calculations to

better understand the bonding and energy level shifts of chemisorbed hydrocarbons2.

We present evidence that these differential c-level shifts arise in the initial state and

are the result of either the asymmetry of the potential at the surface or surface-induced

~nokcuIar rehybridization. Such effects are not only important in understanding the bonding

of hydrocarbons to surfaces but may also be present in other systems. Thus, these results are

of general importance for interpreting and relating high-lying valence orbital shifts of chemi-

sorbed species to chemical bonding”34 .

The experimental system is the same as that described elsewhere 5 while the procedures

used to prepare and clean the Ni( 111), (100) and (110) samples have also been described

previously1 .5• We note that the higher reactivity of the (100) and (110) surfaces requires the

study of chcmisorption on these surfaces at low temperatures (T 100 K). Purified reagent

grade hydrocarbons or ultra-high purity gases were used and checked for impurities by mass

spectroscopy . The photoemlaslon measurements were performed with a new high-intensity

dc resonance lamp equipped with a 200-300A carbon filter which completely suppressed the

He I (hr — 21.2 eV) radiation so as to obtain essentially pure He LI (hr — 40.8 eV)

radiation as done In gas phase studies (6~~ Typical count rates from the Ni d-bands for our

filtered He II angie-integrated studies with a cylindrical mirror analyser were 50.000 counts per

second for 0.25 eV resolution. The light source-sample analyser geometry Is also identical to

that ducdbed ele.ewhers5. Finally, we believe that our results are characteristic of angie-

- -
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integrated spectra as we see insignificant energy shifts in the adsorbate ionization levels for

rotation and/or tilting of the sample relative to the light beam and energy analyzer which are

both fixed.

Exp.~ituwiit.I Rmelts: We present results here for chemisorption on the Ni( 100) surface

which are qualitatively similar to our results for the (111) and ( 110) Ni surfaces. In Fig. I a

we show a composite of the filtered He U N(E ) spectra for a near saturation exposure of

benzene ~~ — —1.2 eV) to Ni(l00) at T 100 K. In Fig. lb. we show the difference in

emission ~ N(E) after chemisorption as determined from direct subtraction of the N(E) spectra

of the clean and benzene covered surface. For comparison we also show the ~N(E) and N(E)

spectra in Fig. Ic for a thick layer of condensed benzene (obtained under identical conditions)

and two gas phase spectra. The first gaseous spectrum (solid line) was obtained with a similar

energy analyzer , energy resolution and light beam/analyzer geometry as used here8. The

second spectrum (dashed line) was obtained under different conditions in a higher resolution

spectrometer7.

In order to facilitate comparison of the levels of chemisorbed benzene to gaseous and

condensed benzene and to roughly account for initial state screening and final state relaxation

effects1 .9, we have shifted the latter spectra toward smaller binding energies so as to arbitrarily

align the high-lying o
~~ 

and CCR -denved levels. We also indicate in Fig. 1 the principle

orbital character(s) of the benzene levels in the high resolution gas phase spectra as deter-

mined from ground state calculations we have made using an ab-initio SCF Hartree-Fock

LCAO method (Gaus.ian-70~~) with a 4-310 basIs set. Here, the molecular orbitals derived

primarily from C 2s atomic orbitals are denoted as ss-orbitils.

From the relative level position. In Fig. 1. we observe that chemisorplion has caused

significant orbital-dependent shifts In the low lying Ionization levels of the f ree benzene

molecule which were not observed in previous stadlss1. Namely, In addition to a 1.2 eV shift

of the c-level of chemisorbed beuzene, the is-levels are also shifted by 0.7, 0.6, and 0.3 eV,

respectively, relative to th. more uniformly shifted 5cc ~~ 
5cH levels. Designating the xy

- — V.  V•~ V~ t - _ _  V - - - -  ______________— - - - - V
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plane as the molecular plane, we note that the levels derived from either the C 2p~ atomic

orbitals (c-Levels) or the C 2s atomic orbitals (ss-levels) are shifted relative to those derived

From the C 2p,~~ atomic orbitals and °CH levels). Molecular orbitals having both C 2s

and C 2p,, ,  atomic components appear to be shifted according to the degree of admixture as

seen for the four lowest lying valence levels of benzene (fig. I) which have decreasing C 2s

character and increasing C 2
~~) L y  character with decreasing binding energy . We also find

additional level broadening (—0.3 eV) for the lowest lying ss-level.

We observe similar shifts in the valence levels of other unsaturated hydrocarbons

chemisorbed on Ni, but not for the saturated hydrocarbons which only physically adsorb on Ni

at low temperatures. Specifically, in Fig. 2, we show th’ ionization spectra of gaseous and

chemisorbed C2 hydrocarbons on Ni( 100). Again, the ionization levels of the v and

C 2s-derived levels are shifted to larger binding energies relative to the °cc and OCH-derived

ionization features. Here, the ss’-levels of acetylene and ethylene have less C 2s character

and more C 2p,~., character , and are less strongly shifted than the ss-levels. The preferential

level broadening of the ss levels of acetylene and ethylene (—0.7 and 0.3 eV, respectively) are

more clearly observed here than for benzene .

Dt~ -mia.: A variety of initial and final state effects can occur together so as to shift V - -

molecular ionization levels upon adsorption 1 ,9
• However, the differential shifts observed here

for the C 2s-derived levels relative to the C 2p~~
_denved levels are characteristic of rather

specific initial state effects which for these cases appear to be larger than, for example,

orbital-dependent relaxation effects.

Neither orbital-dependent extra-molecular relaxation effects for the C 2s versus the

C 2p-derived states nor chemi.orption-induced geometry changes are consistent with the

observed differential level shifts. Namely, greater extra-molecular relaxation for the Power-

lying, more core-like states - as observed for the C 2.-derived orbitals of cert ain organic

molecules on Zn&, as well as predicted for the more core-like orbitals of CO on Ni 11 and

found for CO on Pt( 1l1) 12 - is expected to shift the C 2.-derived states In an opposite sense
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to that observed here. An opposite shift would also occur for orbital-dependent relaxation

effects arising within either of two screening models: an image charge screening model t3 where

the molecule lies flat on the surface; or a molecular-like screening model 14. Finally, our

comparisons of calculated molecular orbital eigenvalues for free and distorted molecules show

that the large shifts in the lowest lying C 2s-derived levels are tot consistent with any likely

geometry of beazene or the geometry of ethylene as deduced from the higher-lying o~~ and

GCH-denved levels. We note that vibrational loss spectroscopy for benzene chemisorbed on

Ni( 100) also suggests only small geometry changes upon chemisorption t ~~.

The observed differential level shifts for these low-lying C 2s-derived states are

consistent with an orbital-dependent initial state potential shift. The initial state potential is

known to shift the core levels of implanted rare gas atoms by 2-3 eV to larger binding

energies16. At a surface the asymmetry of the potential , i.e. the surface barrier , can cause

orbital-dependent valence level shif ts of 1-2 eV as theoretically found for the 3s, 3p~ and

orbitals of Si 17. For a molecule on a surface, we also expect similar differential shifts

which would depend upon the orientation of the molecule and its orbitals on the surface.

Assuming the likely case that the hydrocarbon molecule lies parallel to the surface in the xy

plane, the orbisals derived from C 2p~ and C 2s atomic components will be shifted to larger

binding energies relative to those derived from C ~~~ atomic components. The relative

magnitudes as well as the orbital character dependence of the observed differential level shifts

for the C 2s-derived levels, e.g., the four is-levels of benzene, are well explained by this type

of initial state effect. We also expect a potential shift for the v-levels comparable to or greater

than that for the purest C 2s-derived states. Finally, the observed broadening of the shifted

C 2.-derived levels may arise from more efficient Auger neutralization, i.e., shorter lifetimes,

for these photo-Ionized states than those derived from the higher-lying valence states.

The relative shift of the C 2s-derlved levels can also arise from the rehybridization of

the C 2s and C 2p~ atomic orbital, during bonding - driven by the surface potential t8 and/or

covalent bonding. Such an effect Is found to occur in our SCF Hartrse-Fock LCAO calcula-
4



Page 5

tions (Gaussian .70 10) of acetylene and ethylene bonded in a variety of geometries on 1 to 4

atom Be clusters. Here, rehybridization in conjunction with charge rearrangement , shifts the

v- and ss-levels to larger binding energies relative to the a-levels. Such rehybridization would

imply that the C 2s atomic orbitals play an important role in bonding. Clearly, more detailed

theoretical calculations are necessary to fully understand the C 2s shifts observed here and

discriminate between these two possible effects.

Coselaskns: In summary, new results are presented which show unusual differential

level shifts and broadening of the low-lying C 2s-derived states of chemisorbed hydrocarbons

on Ni. We provide evidence that these differential shifts arise in the gound state from an

initial state potential effect and/or a rehybridization effect associated with a new mode of

bonding. Such effects may occur in other chemisorption systems and are important in

interpreting valence orbital energy level shifts and the nature of bonding from photoemission

measurements. For example, the v-level shifts for chemisorbed hydrocarbons (or the 5o level

shift of CO) can occur independent of the bonding mechanism via potential shifts and/or

rehybndization effects. Such non-chemically specific effects would explain why similar

high-lying orbital “bonding” shifts are observed for adsorbates on different substrates, such as

Cu or Ni, despite expected differences in the nature and/or strength of the chemisorption

bonding interaction4.
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Fig. 1. Photoemission spectrum N(E) at he — 40.8 eV for (a) clean Ni(100)

(
~ — 5.2 eV) and for chemisorb ed benzene on Ni(100) formed after a 4 x 10 6

Ton-second exposure of benzene to Ni(100) ~t 1- 100 K (A ~ — —1.2  eV) .

Compari son of the relative level positions of the ~N(E) spectrum for chemisorbed

benzene (b) are made with those of condensed and gaseor.~ benzene (c)7’8 where

we have labeled the principal orbital character of the ionization levels. (Here a

denotes equal °CH and •cc character). We note that we have reversed the

ordering of the two levels at 11.6 and 12.2 eV (IP) f rom that calculated since the

11.6 eV levels appear to shift upon chemisorptlon - an effect which identifies the

w-orbltals of several chemisorbed hydrocarbons on a variety of meta&’4’5.

_ _ _
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~) ETi ’4A NE/N ( IOO)
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b) ETHYLENE/Ne(IOO) 
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C) ACETYLENE/Ni(JOO)
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‘ T t J I \
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ELECTRON 8~NOING ENERGY (.V)

Fig. 2 Comparison of the photoemission difference spectra N(E) for near saturation

coverages (4 x 10~ Ton-seconds exposure) at T~ 100 K of (a) physisorbed

ethane, (b) chemisorbed ethylene and (c) chemisorbed acetylene to their respec-

tive gas phase ionization spectra . The gas phase spectra for ethylene and acetyl-

ene were obtained in a gas phase spectrometer of similar geometry and resolution

as ours8 while that for ethane was obtained in a higher resolution spectrometer6.

_ _ _  __ _  _  - -



V ‘
S .

TECHNICAL REPORT DISTRIBUTION LEST

No. Cooles No. Cool e~
Offi ce of Naval Research Defense Coc~~entation Center
Arl ington, Virginia 22217 BuildIng 5, Cameron Station
Attn: Code 472 2 Alexandri a , Virginia 22314 12

Offi ce of Naval Research U.S. Arn~i Research Office
Arlingt*n, VIrginia 22217 P.O. Box 12211
Atto: Code 1021P 1. 6 Research Triangle Park , N. C. 27709

Attn: CRD—AA— 1?
ONR Branch Office
536 S. Clark Strut taval Ocean Sys atr s Can:~r
C~1cago, Illinois 6U605 San Disco , Caii~ornia ~2152

~~ Jerry Smith I Attn: Mr. ~ce Mc~ar~~ey
CNR 3ranc.~ Offi ce
715 Broa~~ay
Mew York, Mew York 10003 Naval Weapons Canter
Attn: Scienti fic Dept. 1 Ohina Lake , Cali fornia 93535

At’tn: Head, Chenfstry Division
CNR Branch Office
1030 Eas t Green Street Naval CivIl Engineering Laboratorj
Pasadena, California 91106 Port Huareme , Califo rnia 930~1
Attn: Or. R. J. Marcus 1 Attn: Mr. W. S. Haynes

CNR Brand, Office Professor 0. Heinz
760 Market Street, Rm. 447 Departnent of Physics & C~enistrj
San Francisco, California 94102 Naval Postgraduate School
At n: Or. P. A. Miller 1 Monterey, California 93~4O

CNR Branch Office Dr. A. L. Slafkosky
495 Su~~sr Street Scientific Advisor
Bos ton, Massacnusetts 02210 Conmancant of the Marine Ccr~s (Code .~ -T
At~~: Dr. I.. H. Publes 1 Washington, D.C. 20330

Director, Naval Research Laboratcrj Office of Naval Research
Washington , O.C. 20390 Arlington, VirgInia 22217
Atto: Cods 6100 1 Attn: Dr. Richard S. Miller

The Aest. Secretary of the Navy (R1W)
Oepar snt of the Navy -

Room 4E736, Pentagon
Washington • D.C. 20360 1

Comesnoer, Naval Air Syst~~ Comnand
Oepar snt of the Navy
Washington, D.C. 20360
Atn : Code 310C (H. Rossnwuur) 1 

- ,.--- -. - 
- -- - .- .- -



_ _ _ _ _ _  ______________ 
1~~___..~

TECHNICAL REPORT DISTRIBUTION LIST

No. Ccoies No. Conies

Or. 0. A. Yroom Or. R. W. Vaughan
IRT California Institute of Technology
P.O. Box 80817 DivIsion of Chemistry & Chemical
San Diego, CalIf ornia 92138 1 EngineerIng

Pasadena, California 91125
Or. G. A. Somorjai
University of California Dr. Kei th H. Johnson
Departi*nt of Chemistry Massachusetts Institute of Tecnnology
Berkeley, Calif ornia 94720 1 Depzr~~ent of Metallurgy and Materials

Science
Dr. L N. Jarvis Cambridge, Massachusetts 02139
Surface Chemistry DivisIon
4555 Overlook Avenue, S.W. Dr. H. S. Wrighton
Washington, D.C. 20375 1 Massachusetts Institute of Technology

Oepart~nt of Chemistry
Or. W. H. Ris*n, Jr. Cambridge, Musacnusetts 02139
Brown University
Dspar~ snt of Chemistry Dr. . . un.rth
Providence, Rhode Island 02912 1

Th~ .4J .3. ~~~~~ ~~~ . ....,

Dr. H. H. Chishoim P.O. Box Z~!BPrinceton Universi ty ‘(.
~~ ~~~~ ~~~~~~~ 1~.. V~ -k :::::

Chemistry 0epar~ enc
Princeton, New Jersey 08340 1 Dr. C. P. Flynn

University of Ill inois
Dr. 4. B. Hudson Oepar~~ent of Physics

• Renssel aer Polytscnnlc Institute Urbana , IllInoi s 61801
Materials Division
Troy, Mew York 12181 1 Or. W. Kahn

University of California (San DIe’3o)
Or. John 1. Yates Deparcent of Physics

• National Bureau of Standards La Jolla, Cal ifornia 92037
Oepar~ ent of Couizerce
Surface Chemistry Section Or. R. L. Park
Washington, D.C. 20234 1 Director, Canter of Materials Resurv.,

University of Marjland
Dr. Theodore E. Madey College Park , M~ y1and 20Z’42
Depar~isnt of Cosinerce
National Bureau of Standards
Surface Chemistry Secti on
Washington , D.C. 20234 1

Or. 4. H. White
University of Texas
Ospar~ .nt of Q~~1st23’A~gtin, Texas 78712 1

- _  
•.

• •
• • • • ~~~~~~~~ •~~~~ ~~~• • ~~~~~~~~ •~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ • _



•

TECHNICAL REPORT DISTRIBUTION LIST

No. Copies No. Copj~
Dr. W . T. Peru Or. Leonard Wharton
Electri cal Engineering Oepar~~ent James Franck Insti tute
University of Minnesota Depar~~ent of Chemistry
Minneapolis, MInnesota 55455 1 5640 Ellis Avenue

Chicago, IllInois 60637
Dr. Markis Tzoar
City Universi ty of New York • 

• Or. H. G. Lagally
Convent Avenue at 138th Street Departn.nt of Metallurgical
New York, New York 10031 1 . and Mining Engineering

University of Wisconsin
Or. chi a—wei Woo Madison , WisconsIn 53706
Northwestern University
Oepar~ ent of Physics Dr. Robert Gemer
Evanston, Ill i nois 60201 1 James Franck Institute

Ospartoent of Chemistry
Dr. 0. C. Mattis 5640 Ellis Avenue
Yeshiva Univers ity • Chicago, Illinois 60637
Physics Oepartnent
~~terdam Avenue & 185th Street Or. R. F. W al its
New York, New York 10033 1 Unlvers’ty of California ( rv ine)

Depar~ ent of Physics
Or. Robert M. Hexter Irvine , CalifornIa 92~~4Universit y of Minnesota
Departnsnt of Chemistry
Minneapolis, Minnesota 53455 1

-

. 

- 
- 

2 

~~~

-- —- _ _


