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Intramolecular scattering resonances in near-edge x-ray-absorption fine-structure
spectra of chemisorbed molecules are used to determine the molecular orientation,
bonding, and bond length. In particular, we demonstrate that the position of the o shape
resonance relative to the Fermi level is directly correlated with the intramolecular bond
length of the chemisorbed molecule. By comparison with the known molecular distances

in the gas phase, changes induced by the chemisorption bond are revealed.
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Near-edge x-ray-absorption fine-structure
(NEXAFS) studies of chemisorbed low-Z mole-
cules focus on the energy region within ~ 30 eV
of the C, N, or O 1s excitation threshold (K
edge).! This energy region is typically dominated
by multiple-scattering resonances and is there-
fore discarded in the single-scattering analysis
of the extended x-ray-absorption fine structure
(EXAFS).2 However, although its quantitative
analysis is often difficult, especially for chemi-
sorbed atoms,® the NEXAFS spectrum contains
the largest and most detailed absorption struc-
tures. The most pronounced near-edge effects
are observed for chemisorbed molecules.!'* The
NEXAFS is found to be dominated by intramolecu-
lar scattering resonances with surprisingly little
influence from scattering contributions due to
substrate surface atoms. The observed reso-
nances arise from transitions of a 1s core elec-
tron to bound states (e.g., empty or partially
filled molecular orbitals) and/or to quasibound
states in the continuum which have an enhanced
amplitude on the molecule (shape resonances).
The transitions are governed by dipole selection
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rules and analysis of their intensity as a function
of E vector orientation allows the precise deter-
mination of the molecular orientation on the sur-
face.!*

For molecules with 7 bonding the NEXAF'S spec-
trum will exhibit a strong resonance which cor-
responds to a transition of a 1s electron into the
antibonding m* orbital. The presence or absence
of the m* resonance is thus a direct indication
for the hybridization of the bond. Opposite to
the 7 resonance, which is strongest whenthe £
vector is parallel to the 7 orbital, the ¢ shape
resonance is strongest if the E vector lies along
the internuclear axis between two neighboring
atoms and it is present for all molecules. Be-
cause it arises from resonant scattering of the
excited 1s photoelectron between atoms within
the molecule it has been proposed that, in anal-
ogy to EXAFS, its energy position bears a di-
rect correspondence to the intramolecular bond
length.*™®

It is the purpose of this paper to demonstrate
that such a correlation indeed exists for chemi-
sorvbed molecules. Thus NEXAFS spectra allow
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the derivation of the intramolecular bond length

for a chemisorbed molecule in a simple, straight-

forward way. By comparison with the known gas-
phase distance, changes induced by the chemi-
sorption bond are revealed. The significance
of our results lies in the implied potential of
NEXAFS to monitor chemical reaction processes
on surfaces. :

Experiments on a variety of chemisorption sys-

tems were carried out at the Stanford Synchrotron

Radiation Laboratory with use of the grasshopper

monochromator (1200 lines/mm holographic grat-

ing) on beam line I-1. The single crystals were
cleaned by Ar* bombardment and oxygen treat-
ments to remove C. Surface cleanliness and or-
der after annealing were checked by Auger and
low-energy electron-diffraction measurements.
Temperature-programmed reaction spectroscopy
was used to characterize the absorbates on the
surface.” NEXAFS spectra were recorded in the
80-300 K range at a base pressure of ~ §x107!
Torr. In all cases the x-ray incidence angle on
the sample could be varied from grazing inci-
dence (B along surface normal) to normal inci-
dence (E in surface plane).*

In Fig. 1 we show NEXAFS spectra above the
O K edge for three molecules with carbon-oxygen
bonds chemisorbed on Cu(100). The spectra are
shown only for the x-ray incidence geometry
which maximizes the o-shape-resonance inten-
sity.” In analogy with CO on Ni(100),! it is clear
that at 90 K CO on Cu(100) also stands up along
the surface normal. The o shape resonance is
centered at 552.5 eV. The m resonance is min-
imized for the grazing-incidence x-ray geometry.
The second spectrum is for formic acid (HCOOH)
which at 300 K chemisorbs as formate (HCO,) on
Cu(100) with two equivalent C-O bonds and the
two oxygen atoms bonded to the surface.® In this
case the o shape resonance due to scattering be-
tween the absorbing O and neighbor C atoms is
maximized for normal x-ray incidence. It oc-
curs at 545.5 eV, a 7-eV shift relative to CO.
Note that the backscattering contribution due to
H is negligible compared to C and for the inter-
pretation of the NEXAFS spectra the molecules
can thus be viewed with missing H atoms. The
C-0O bond in the formate involves a 7 orbital as
indicated by the narrow resonance at 535.5 eV.
It arises from the C-O pseudo double bond with
a 7 orbital parallel to the surface.” Methanol
(CH,OH) can be dissociated on Cu(100) to form
the methoxy species CH,0.°''° For CH,0/Cu(100)
measured at 250 K the o shape resonance is ob-
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FIG. 1. NEXAFS spectra of the O K edge region for
CO, formic acid (HCOOH), and methanol (CH;OH) on
Cu(100). HCOOH and CH30H were dissociated to for-
mate HCO, and methoxy CH3;0, respectively, under
controlled experimental conditions. Spectra were
recorded at 90 K for CO and HCO, and 250 K for CH,O.
m and o are two final-state intramolecular resonances.
The O 1s binding energies determined by photoemission
are labeled “XPS.”

served most strongly at grazing incidence and its
vanishing intensity for normal incidence deter-
mines the orientation of the O-C axis to be along
the surface normal.” The o resonance falls at
539.0 eV, 13.5 eV lower than for CO and 6.5 eV
lower than for HCO,. No 7 resonance is observed
at any sample orientation’ in good accord with the
C-0O single bond nature. The structure marked

X in Fig. 1 is the atomiclike absorption step at
the O K edge and the small peak around 555 eV
is an EXAFS wiggle due to O-Cu scattering. We
have also indicated in Fig. 1 the O 1s binding en-
ergies (Eg'®) relative to the Fermi level deter-
mined by x-ray photoemission spectroscopy
(XPS).} In all cases the XPS E z'* values coin-
cide exactly with the K -edge threshold.

The position of the o shape resonance in Fig. 1
decreases in energy with increasing C-O bond
length R,'2 where R=1.13 & for triple-bonded
CO gas, R~1.25 A for the pseudo-double-bonded
formate ion (HCO,)", and R =1.43 A for single-
bonded CH,OH. In a simple EXAFS-like picture,
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one would expect that the energy separation of the
resonance (i.e., the first EXAFS wiggle) from
threshold is inversely proportional to R2, In-
deed, such a correlation has previously been
suggested by several authors.®® Recently, Na-
toli!® has given a theoretical justification within
the framework of multiple-scattering theory.

For the case of scattering between two atoms
separated by R the scattering maximum will oc-
cur at a wave vector %, of the photoelectron
which is determined from an EXAFS-like expres-
sion, k,.R =const, where the constant depends on
the atomic scattering phase shifts ¢,(k). In the
scattering theory %, is referenced to the (con-
stant) “muffin-tin” potential in the interstitial re-
gion, corresponding to 2 =0. If we define as A
the energy difference between the o-shape-reso-
nance excitation energy (E,) and the 1s binding
energy (Ep'®) relative to the Fermi level E¢, we
can rewrite the relation &, R = const as

(A =V,)R%= C,=const 1)

where the “inner potential” V; measures the muf-
fin-tin potential relative to E;. The value of E ;'*
can be obtained from XPS or directly from the
absorption onset in the NEXAFS spectrum (see
Fig. 1). If V, and the atomic scattering phase
shifts which determine the constant C, in Eq. (1)
are known we can use Eq. (1) for the determina-
tion of an unknown bond length R.

For the chemisorption cases shown in Fig. 1
the o resonance arises from scattering between
the absorbing O atom and its nearest-neighbor
C atom. Therefore the scattering phase shifts
¢ (k) are identical in all three cases. Further-
more, because of the small energy range it will
be a good approximation to neglect the # depen-
dence of ¢(k). Thus the constant C,in Eq. (1)
should be identical for all three cases of interest.
The muffin-tin constant V, is also expected to be
the same since the atoms in the molecule and the
substrate are identical in all cases. If we take
the two extreme cases CO/Cu(100) and CH,0/
Cu(100), with a change in bonding from triple
to single bond (AR~ 0.3 Z’\),12 as reference sys-
tems we can determine V, and C, in Eq. (1). We
argue that for these two cases the intramolecular
C-0O chemisorption bond lengths are almost iden-
tical to those in the gas phase. This is supported
by the small frequency shift in the C-O stretch
relative to the gas phase™ and the relatively weak
chemisorption bond. The C-O bond lengths R
=1,13+0.02 A for CO/Cu(100) and R =1.43+ 0.02
A for CH,0/Cu(100) together with the respective
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measured values A=18.8+0.5 eV and A=8.3+0.3
eV lead to the values V,=-9.2+1.6 eV and C,
=35.7+2.3 eV A2,

By use of Eq. (1) we can now calculate that the
value A =13.8 eV for HCO,/Cu(100) corresponds
to R=1.25+0.08A. A simple linear approxima-
tion between A and R without invoking Eq. (1)
yields the value R=1.,27+0.04 A. These values
are in excellent agreement with the value R =1,25
+0.02 A2 for the C-O bond length in formate ions
coordinated by a variety of metals. With the
above procedure intramolecular chemisorption
bond lengths can typically be determined with an
accuracy of +0.05 A. A larger data base will
decrease the potential error in R which by use of
Eq. (1) is mainly determined by the error bars
of V, and C,. This uncertainty in R for chemi-
sorbed molecules is comparable or smaller than
that obtained with any other surface technique.
Note in particular that SEXAFS studies of intra-
molecular bond lengths in low-Z molecules'®
are difficult because of the quickly decaying back-
scattering amplitudes above the edge and the
short bond lengths which result in few EXAFS
oscillations.

To illustrate the application of NEXAFS for the
determination of bond length changes in a mole-
cule upon chemisorption we show in Fig. 2 the
spectrum of O, chemisorbed on Pt(111) at 90 K.
For comparison the gas-phase O, spectrum® is
also shown. In the spectra peak A is readily
identified to be the m final-state resonance and
peak B is the o shape resonance. The dependence
of the O,/Pt(111) spectra on x-ray incidence un-
ambiguously determines that the molecule lies
down on the surface. The most dramatic dif-
ference from the gas-phase spectrum is the sepa-
ration of peaks A and B which change from 11 eV
(gas) to 4 eV (surface) indicating a substantial
increase of the O-O bond length for chemisorbed
0O,. We can estimate the intramolecular chemi-
sorption bond length by means of Eq. (1) if we
use the value A =17.9 eV for the separation of
the 0 resonance from the absorption onset, taken
as Ez'* =531.1 eV from XPS.'” We assume trans-
ferability of the muffin-tin constant ¥, and the
phase-shift constant C,. This is justified because
the scattering phase shifts for C and O are very
similar. Secondly, we have found empirically
that v, is'surp'risingly constant (~9 eV) for dif-
ferent low-Z molecules with bonds between C,

N, and O atoms on vavious d-band metals. By
use of Eq. (1) we find R =1.45 A for the O-O bond
length on Pt(111), a dramatic increase of 0.24 A



VoLUME 51, NUMBER 26

PHYSICAL REVIEW LETTERS

26 DECEMBER 1983

LI L O O O
8+ A 1
O, Gas B
Barrus et al 4

MASS ABSORPTION
COEFFICIENT (10%cm?/g)

(@] N
Z!;Ix\y]\r\t

pr el

0p/P1(111)
08

(arb. units)

0.7

0.675

0.650

[N UN N B St TR T SO O U G U S G

PARTIAL ELECTRON YIELD

L

0.625

NN RN RN N
520 530 540 550 560
PHOTON ENERGY (eV)

FIG. 2. Oxygen K edge NEXAFS spectra for gas-
phase O, (Ref. 16) and O,/Pt(111) for two directions
of x-ray incidence. Peaks A and B are 7 and o final-
state resonances; peak B’ is a multielectron feature.
The O 1s binding energies relative to the vacuum level
(gas) and Fermi level (surface) are denoted by “XPS.”

over the value R =1,21 A for gas-phase O,. The
large O, bond length on the surface is close to
the O-O single-bond length R =1.49 Ain peroxide
(H,0,) or in the (O,)*” ion.'* This is explained

by 7 bonding of O, on Pt(111) with substantial
charge transfer from the metal into the two anti-
bonding 7* orbitals of O,, rendering the molecule
in a peroxylike (0,)*” state. The 7 chemisorption
bond is supported by the substantial broadening
of the 7 resonance (peak A) in Fig. 2 with a full
width at half maximum (FWHM) of 5.4 eV rela-
tive to a FWHM = 3.7 eV for chemisorbed CO or
CHO, (Fig. 1). Note, however, that the antibond-
ing m* orbitals for O,/Pt(111) are not filled com-

pletely since some 7 resonance intensity remains.

Our findings here are in complete support of the
interpretation of earlier electron-energy-loss
measurements on the same system.!®

We would like to thank A. L. Johnson for ex-
perimental help and T. H. Upton, J. A. Horsley,
and J. Davenport for helpful discussions. The
work reported here was done at the Stanford
Synchrotron Radiation Laboratory which is sup-

ported by the Office of Basic Energy Sciences of
the U. S. Department of Energy and the Division
of Materials Research of the National Science
Foundation.

|J. Stohr, K. Baberschke, R. Jaeger, R. Treichler,
and S. Brennan, Phys. Rev. Lett. 47, 381 (1981).

!For a review, see P. A. Lee, P. H. Citrin, P. Eisen-
berger, and B. M. Kincaid, Rev. Mod. Phys. 53, 769
(1981). o

’D. Norman, J. Stohr, R. Jaeger, P. J. Durham, and
J. B. Pendry, Phys. Rev. Lett. 51, 2052 (1983).

4. stohr and R. Jaeger, Phys. Rev. B 26, 4111 (1982).

SA. E. Orel, T. N. Rescigno, B. V. McKoy, and P. W.
Langhoff, J. Chem. Phys. 72, 1265 (1980); T. Gustafs-
son and H. J. Levinson, Chem. Phys. Lett. 78, 28
(1981). -

6. Bianconi, in Proceedings of the Fivst Intevna -
tional Confevence on EXAFS and XANES, Frascalti,
Italy, 1982, Springer Series on Chemical Physics Vol.
27 (Springer-Verlag, New York, 1983), p. 118;

A. Bianconi, M. Dell’Ariccia, A. Gargano, and C. R.
Natoli, ibid., p. 57.

'J. Stohr, D. Outka, R. J. Madix, and U. Doebler,
to be published.

SB. A. Sexton, Surf. Sci. 88, 319 (1979).

9. E. Wachs and R. J. Madix, J. Catal. 53, 208
(1978). o
'"B. A. Sexton, Surf. Sci. 88, 299 (1979).

"'For CO/Cu(100) we use the lowest binding-energy
peak E; =533.7 eV [P. R. Norton, R. L. Tapping, and
J. W, Goodale, Surf. Sci. 72, 33 (1978)]. For CHO,
and CH;0 on Cu(100) we use the XPS values for the
Cu(110) surface, respectively, E =531.5 eV [M. Bow-
ker and R. J. Madix, Surf. Sci. 102, 542 (1981)] and
Eg =530.7 eV [M. Bowker and R. J. Madix, Surf. Sci.
95, 190 (1980)].

2For a tabulation of molecular bond lengths, see
Tables of Interatomic Distances and Configuration in
Molecules and Ions, edited by L. E. Sutton, Special
Publications No. 11 and No. 18 (The Chemical Society,
Burlington House, London, 1958 and 1965).

3C. R. Natoli, in Ref. 6, p. 43.

Y For a review, see B. A. Sexton, Appl. Phys. A26,

1 (1981).

153, stohr, R. Jaeger, and S. Brennan, Surf. Sci. 117,
503 (1982). _

p, M. Barrus, R. L. Blake, A. J. Burek, K. C.
Chambers, and A. L. Pregenzer, Phys. Rev. A 20,
1045 (1979). —

"G. B. Fisher, private communication.

183, L. Gland, B. A. Sexton, and G. B. Fisher, Surf.
Sci. 95, 587 (1980); H. Steininger, H. Ibach, and
S. Lehwald, Surf. Sci. 117, 685 (1982).

2417



