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K shell excitation spectra of the aromatic molecules benzene and pyridine in the gas phase are
compared to those for the solids (ices) and for monolayers chemisorbed on Pt(111). The gas phase
and solid spectra are essentially identical and even the spectra for the chemisorbed molecules
exhibit the same resonances. Because of the orientation of the molecules upon chemisorption the
latter spectra show a strong polarization dependence as a function of x-ray incidence. This
polarization dependence in conjunction with a multiple scattering X calculation for the benzene
molecule allows us to assign the origin of all X shell resonances. The resonances are found to arise
from transitions to 7* antibonding orbitals and to o* shape resonances in the continuum. The
shape resonances are characterized by potential barriers in high (/ = 5 and 6) angular momentum
states of the excited photoelectron. The polarization dependence and energy position of the
resonances allow the molecular orientation on the surface to be determined and show that the
change in the carbon—carbon bond length is less than 0.02 A

I. INTRODUCTION

Inner shell excitation spectroscopy is proving to be a
powerful technique for obtaining information on the elec-
tronic structure and geometry of molecules, both in the gas
phase’~® and adsorbed on surfaces.* Inner shell electron en-
ergy loss (ISEELS) measurements of K shell resonances in
small molecules have recently been combined with soft x-ray
absorption measurements of the corresponding resonances
in chemisorbed molecules to obtain bond lengths in the ad-
sorbed species to an accuracy of 0.04 A.>° The molecules
studied were fairly simple hydrocarbons and oxygenated
species, where the assignment of the X shell resonance is
fairly straightforward. Recently, K shell spectra of more
complex, aromatic species have been obtained and used to
study the surface chemistry of aromatic molecules.” How-
ever, uncertainties in the assignment of the observed reson-
ances have prevented the extension of the approach used to
obtain geometrical information on the simpler hydrocar-
bons to these more complex molecules. We present here the
first assignment of all the near edge resonances in the K shell
excitation spectra of the benzene and pyridine molecules.
This assignment is based in part on a multiple scattering
calculation for benzene that accurately reproduces the rela-
tive positions and intensities of the observed resonances. By
comparing the observed resonances for the gas phase mole-
cule with the corresponding resonances for benzene and pyr-
idine chemisorbed on Pt(111) we obtain information on the
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orientation and geometry of the adsorbed species. In con-
trast to the simpler unsaturated hydrocarbons studied pre-
viously,® we find no measurable change in molecular geome-
try on chemisorption.

ll. EXPERIMENTAL DETAILS

Gas phase K shell excitation spectra were recorded by
inner shell electron energy loss spectroscopy (ISEELS)
which, in the limit of small momentum transfer, yields re-
sults which are equivalent to x-ray absorption spectroscopy.
The basic apparatus and experimental technique have been
described previously.? Recently the apparatus has been
modified to differentially pump the electron gun in order to
improve spectrometer stability by reducing the interaction
of chemically active gases with the electron emitting surface.
Briefly, the benzene and pyridine spectra were obtained by
measurement of the energy loss signal at small scattering
angle (2X 10~2 rad) of 2.8 keV incident electrons. The car-
bon K shell spectrum of gaseous benzene was essentially
identical to that obtained from earlier ISEELS studies under
similar experimental conditions.® The K shell spectra of gas-
eous pyridine have not been reported previously to our
knowledge. The absolute energy scales at the C and N X
edges of the gas phase spectra were calibrated (accurate to

+ 0.1 eV) with respect to the C and N {15 — 7*) excitations

in the gas phase spectra of CO and N,. The samples were
obtained from the vapor of high purity liquids. In order to
eliminate air and other volatile impurities the liquids were
subjected to several freeze—-pump—thaw cycles.

Near edge x-ray absorption fine structure (NEXAFS)
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spectra of condensed multilayers and chemisorbed mono-
layers were recorded with soft x rays using the grasshopper
monochromator on beam line I-1 at the Stanford Synchro-
tron Radiation Laboratory. The K shell absorption was
monitored by means of partial electron yield detection. The
electron detector consisted of two high transmission metal
grids and a dual channel plate array. The first grid was kept
at ground potential while retarding voltages of — 200 and
— 320 eV were applied to the second grid for the Cand NX
edge spectra, respectively. The x-ray incidence angle on the
sample could be varied from grazing incidence (6 = 20°),
with the electric field vector E close to the surface normal, to
normal incidence (6 = 90°), with E parallel to the surface.
The photon energy transmitted by the monochromator was
calibrated in the carbon ls region to an accuracy of + 0.5
eV. In the nitrogen 1s region the monochromator was not
specifically calibrated. In this energy region the absolute en-
ergy may be in error by as much as 1 eV.

The Pt(111) crystal was cleaned by exposure to 10~
Torr oxygen at 870 K followed by annealing in ultrahigh
vacuum to 1200 K with argon ion sputtering to remove S
when required. The base pressure in the sample chamber was
810~ Torr. Solids of benzene and pyridine were pre-
pared by dosing the Pt(111) crystal kept at 100 K with
6% 1076 Torr s (6 Langmuir or 6 L) of gas. Monolayers of
benzene were obtained by annealing to 200 K or by dosing at
300 K. For pyridine monolayers were obtained by dosing the
Pt(111)crystal kept at room temperature to saturation (24 L)
coverage.

lll. EXPERIMENTAL RESULTS

The gas phase X shell excitation spectrum of benzene is
shown at the top of Fig. 1. At this resolution there are four
main resonances, labeled A-D, with additional weak fea-
tures between A-B and B-C. The principal resonances have
the same position and relative intensity in the spectrum of
the solid, shown below the gas phase spectrum, which dem-
onstrates that all the resonances are highy localized on the
benzene molecule. The near edge resonances at the C Kedge
in the absorption spectrum of benzene on Pt{111) are shown
for perpendicular and grazing x-ray incidence in the lower
two curves of Fig. 1. As pointed out previously,’ the polar-
ization dependence of the broad 7* resonance at 285 eV indi-
cates that the benzene molecules lie in a plane parallel to the
surface, in agreement with the results of other surface
science techniques.®!! There are clearly two peaks at higher
energy that match up well with the positions of the peaks C
and D in the gas phase spectrum. The increased width of the
resonances in the monolayer spectra is not of instrumental
origin, but occurs because of the interaction of the benzene
molecules with the Pt(111) surface, as discussed in a later
section. The positions and assignments of the spectral fea-
tures in all of the benzene spectra are listed in Table I.

In the spectra of Fig. 1 the X shell ionization threshold
(I.P.) in each phase is indicated by the hatched line and la-
beled C. These values were taken from x-ray photoelectron
measurements in the gas phase,'? solid state,'* and chemi-
sorbed cases. For the gas phase spectrum the I.P. corre-
sponds to the 1s binding energy (BE) relative to the vacuum

level (E,) while for the solid and chemisorbed case it corre-
sponds to the 1s BE relative to the Fermi level (E;). For the
gas phase spectrum resonances A and B fall below the I.P.
and are therefore bound state transitions. For the neutral
molecule the antibonding 7* states into which the s elec-
tron is excited fall just above E,, but in x-ray absorption they
are pulled below E, by the Coulomb interaction with the 1s
core hole. For solid benzene, which is an insulator, the Fermi
level falls in the band gap and the resonance energies for the
Is — #* transitions can either be smaller or larger than the
Ls BE’s, as observed for peaks A and B, respectively. For a
chemisorbed molecular monolayer on a metal surface the
lowest possible 1s excitation energy is determined by the 1s
BE relative to the E. since by definition all states below E,
are filled. Therefore the 1s — #* transition energy is slightly
larger than the 1s BE, in agreement with all previously stud-
ied cases.>5:1¢

The C K edge spectra of pyridine in the gas, solid, and
monolayer phases are shown as recorded in Fig. 2 while Fig.
3 shows the spectra after subtraction of the estimated back-
grounds indicated by the dashed lines in Fig. 2. A similar
background subtraction procedure has been applied to the
benzene spectra (Fig. 1) and the N K edge spectra of pyridine
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FIG. 1. (a) The carbon X shell ISEELS spectrum of gaseous benzene record-
ed by electron energy loss of 2.8 keV electrons at 1.0 eV FWHM resolution.
(b) The carbon X shell NEXAFS spectrum of solid benzene recorded by
partial electron yield from a multilayer condensate on Pt(111) at 100 K. (c)
The partial electron yield NEXAFS spectrum at normal x-ray incidence of
monolayer benzene on Pt(111) at 100 K, after heating the sample in (b} to
200K. (d) The monolayer benzene NEXAFS spectrum recorded at glancing
x-ray incidence (20°). A background has been subtracted from each spec-
trum.

J. Chem. Phys., Vol. 83, No. 12, 15 December 1985

Downloaded 18 Jun 2002 to 130.113.69.66. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



Horsley et al. : K shell spectra of benzene and pyridine 6101

TABLE L. Absolute energies (V) and assignments of features in the carbon K shell spectra of benzene in the
gas, solid, and monolayer states.

Monolayer on Pt(111)

Gas Solid 90° 20°
Feature +0.1eV +0.5eV +0.5ev +0.5eV Assignment®
1(A) 285.2* 285.0 286.0 ™)
2 2872 3
3(B) 288.9 288.9 Tlbag)
4(C) 293.5 293.3 293.7 a*ley,)
5(D) 300.2 300.1 299.9 a‘(e,j a5,)
ILP. 290.3° 284.94 284.4° 284.4°

*ISEELS spectrum recorded with 1.0 eV FWHM. Feature 1 was determined to be 2.2 (1) eV lower in energy

than the C 1s—#* transition in CO [287.40 eV (Ref. 39)].
®Only the final orbital is listed.
°From gas phase XPS (Ref. 12), relative to vacuum level.
9 From solid state XPS (Ref. 13), relative to Fermi level.
“R. J. Koestner {private communication), relative to Fermi level.

(Fig. 4). The pyridine spectra closely resemble those for ben-
zene. Again the spectra are dominated by four peaks (labeled
A-D). At monolayer coverage resonances A and B exhibit
the opposite polarization dependence to that of C and D.
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FIG. 2. (a) The carbon K shell ISEELS spectrum of gaseous pyridine as
recorded. (b) The carbon X shell NEXAFS spectrum of solid pyridine as
recorded by partial electron yield from a muitilayer condensate on Pt{111)
at 100K. (c) The partial electron yield carbon K shell NEXAFS spectrum of
a monolayer of pyridine on Pt(111) at room temperature as recorded with
normal incidence. (d) The monolayer pyridine NEXAFS spectrum as re-
corded with glancing incidence (20°). In each spectrum the dashed line indi-
cates the estimated instrumental and valence continuum background.

Also, the dependence on x-ray incidence is reversed from
that for benzene. This has been used previously’ to deter-
mine a near-vertical orientation of the ring plane on the
Pt(111) surface. The energy position of the I.P.’s relative to
the peaks A and B is similar to the situation in benzene.
Table II gives the energy positions of all the observed fea-
tures in the pyridine C X edge spectra.

The N X edge spectra of gas, solid, and monolayer pyr-
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FIG. 3. The background subtracted, pyridine carbon X shell spectra of (a)
gas, (b) solid, (c) monolayer on Pt(111) at normal incidence, and (d) mono-
layer on Pt(111) at 20° incidence. These spectra are the difference of the solid
and dashed lines in Fig. 2.
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TABLE II. Absolute energies (eV) and assignments of features in the carbon K shell spectra of pyridine in the

gas, solid, and monolayer states.

Monolayer on Pt(111)

Gas Solid 90° 20°
Feature +0.1eV +05eV +05eV +0.5eV Assignment
1(A) 285.3* 285.5 285.8 285.9 *
2 287.4 3p Rydberg
3(B) 289.2 289.1 289.6 *
4 290.8 continuum onset
5(C) 294.2 294.1 294.7 295.3 o*
6(D) 300.1 301.0 302.0 301.7 o*
LP. 290.6° 285.9¢ 284.4¢ 284.4

*This feature was found to occur at 2.1{1) eV lower in energy than the C 1s — 7* transition in CO [287.40 eV

(Ref. 39)]).

> Obtained from the solid state average carbon 15 I.P. (285.9 eV) (Ref. 37) and the differences in gas (Ref. 38) and

solid state (Ref. 37) nitrogen 1s I.P.’s for pyridine (4.7 V).
° Average of the 3 carbon 1s environments (Ref. 37).
9Value for benzene on Pt(111).

idine are shown in Fig. 4. In this case only a normal inci-
dence monolayer spectrum was recorded. The pyridine N X
edge spectra are similar to the corresponding C K edge spec-
tra, although the relative intensities of peaks A and B are
slightly different, as are the relative intensities of peaks C
and D. The position of the N K L.P. relative to the peaks in
the three phases parallels that in the C X edge spectra. The
shoulder on the low energy side of the first N K edge peak (A)
in the solid and monolayer spectra is an instrumental artifact
from a non-Gaussian monochromator response function.
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FIG. 4. (a) The nitrogen X shell ISEELS spectrum of gaseous pyridine re-
corded by 2.9 keV electron energy loss with 1.0 eV FWHM resolution. (b)
The nitrogen K shell NEXAFS spectrum of solid {multilayer) pyridine at
100 K. (c} The nitrogen K shell NEXAFS spectrum of monolayer pyridine
on Pt(111) recorded at 300 K with normal incidence.

The positions of the observed features at the N K edge are
summarized in Table II1. For the monolayer spectrum the
1s — * resonance is shifted to higher energy by 1.3 eV,
relative to the corresponding solid phase resonance.

IV. MULTIPLE SCATTERING CALCULATIONS

There are a number of conflicting assignments of the X
shell resonances for benzene, in the literature. In earlier
work,? peak A was assigned as a 1s — 7* transition and peak
B and the weaker peak between A and B were assigned to
transitions to Rydberg states. The continuum peak C was
assigned to a shake-up (two-electron excitation) transition.
Benzene has two empty 7* orbitals, which should give rise to
two resonances. Butscher ez al.’® have assigned peaks A and
Ctothetwo 1s — 7* transitions, based on SCF-MO calcula-
tions, while Lindholm'® has chosen peaks A and B, based on
semiempirical HAM/3 calculations. Giordan et al.'” have
also suggested that peak B can be assigned to a transition to
the second #»* state. The continuum peak D has been as-
signed to a o* shape resonance,? similar to the o* shape
resonances observed in the spectra of simpler hydrocarbons.

The conflicting assignments as to the origin of transi-
tions A, B, and C and the desire for a better understanding of
continuum shape resonances in complex molecules in gen-
eral, have led us to carry out multiple scattering (MS) Xa
calculations of the x-ray absorption cross sections for the
carbon K edge of benzene. Because of the similar geometric
and electronic structure of pyridine such calculations should
also be able to help in the interpretation of the K shell spectra
of this molecule.

The method of calculation followed the approach of
Dehmer and Dill'® in their calculation of the cross sections
for the bound and continuum states at the K edge of N,. The
benzene potential was obtained from a self-consistent field
calculation using the multiple scattering Xa method.!® The
effect of the core hole was taken into account by using the
transition state potential in which half an electron is re-
moved from the 1s core orbital on one of the carbon atoms.
Localized-hole broken-symmetry calculations provide the
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TABLE III. Absolute energies (V) and assignments of features in the nitrogen K shell spectra of pyridine in the

gas, solid, and monolayer states.

Monolayer on Pt(111)

Gas
Feature +0.1eV Solid 90° Assignment
1{A) 398.8° 398.8° 400.1° ™
2 (B) 402.7 403.3 ™
3 405.1 continuum onset
4(C) 408.0 408.0 408.2 o*
5(D) 4143 414.3 a*
LP. 404.9° 400.2°

* This feature was found to occur at 2.3(1) eV lower energy than the N 1s — 7* featurein N, [401.1 eV (Ref. 39)].
*The original spectrum was shifted 1.4 eV to lower energy in order to align the first 7* peak with that of the gas

phase spectrum.

¢The recorded spectrum was shifted 1.4 eV to lower energy. The shift of 1.3 eV between solid and monolayer N

1s — * is considered real.
9 From gas phase XPS (Ref. 38).
°From solid state XPS (Ref. 37).

best description of the removal of an electron from a core
orbital in a molecule containing equivalent atoms.?®?' The
benzene molecule symmetry was therefore reduced to C,, in
these calculations. The sphere radii and values of & were very
close to one of the sets (set III) used by Case et gl. in their
series of MS-Xa calculations on the benzene molecule.?
They found that this set gave good agreement between calcu-
lated and experimental ionization potentials for the valence
orbitals of benzene.

Oscillator strengths for the bound state transitions were
calculated in the acceleration form of the dipole operator
using the method of Noodleman.” The oscillator strengths
were converted to cross sections following Dehmer and
Dill,'® using the relation

o(E) = (me*h /mc)d f /dE = (we*h /mc) fdn/dE,

where f is the oscillator strength and » is the principal quan-
tum number. The height of the resonance is given by o{E)
and the width by (dn/dE ) ™. The latter quantity is difficult
to estimate for valence levels so, again following Dehmer
and Dill,'® we take the minimum experimentally observed
gas phase width of 1 eV® as the width of the bound state
resonance. Absorption cross sections for transitions from
the core level to continuum states were calculated using the
program of Davenport,?* again with the acceleration form of
the dipole operator.

The calculated continuum resonances were narrow ( < 1
eV) and fairly intense, in contrast to the much broader fea-
tures observed in the experimental spectrum. In addition to
the broadening due to the instrumental resolution of 1 eV,
there could be a substantial broadening due to the vibration-
al motion of the molecule, as demonstrated by Dehmer et
al.® for N,. A first principles calculation of this broadening
would require a substantial computational effort, so in order
to simulate the near edge region for comparison with experi-
ment the continuum cross section was convoluted with a
Lorentzian function of FWHM 3 eV, which is the approxi-
mate width of the first continuum resonance in the gas phase
spectrum.

The calculated near edge spectrum obtained by combin-
ing the bound state and continuum calculations is shown in

Fig. 5 together with the experimental gas phase spectrum for
comparison. The agreement with the experimental spectra
for gas phase and solid benzene is quite good and the posi-
tions and relative heights of the four principal peaks are well
reproduced by the calculation. There are, however, five cal-
culated resonances, with peak D corresponding to transi-
tions to two closely spaced o* continuum resonances.

The assignment of the first two resonances, A and B, is
straightforward. They correspond to transitions to the unoc-
cupied e,, and b,, 7* orbitals. The weak feature (2) between
these two peaks is assigned to a transition to a 3p Rydberg
orbital. The assignment of the continuum resonances is less
clear, however, as there are a larger number of o* states that
can be obtained from the combination of the in-plane carbon
orbitals. According to the correlation diagram for benzene
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FI1G. 5. Comparison of the experimental and calculated gas phase carbon K
edge spectra of benzene. The calculated spectrum has been shifted so that
the jonization threshold matches that determined experimentally by XPS.
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given by Herzberg,?® the lowest-lying orbitals are, in order to
increasing energy, of e,,, a,,, and a,, symmetry, with b,,
and e, orbitals at a somewhat higher energy from this
group. A partial assignment of the resonances can be made
on the basis of their calculated polarization dependence in
the broken symmetry calculation. For the excited carbon
atom we define local x and y axes in the plane of the mole-
cule, with the x axis pointing towards the center of the ring.
The calculation shows that the first two continuum reson-
ances are obtained if the E vector is parallel to either the x or
y axis. However, the third resonance is obtained only for
radiation with the E vector parallel to the y axis. Therefore,
on the basis of the correlation diagram, the first two contin-
uum resonances are assigned to continuum states of either
e, Or e,, symmetry, obtained mainly from a combination of
the 2p, and 2p, orbitals on each carbon atom, and the third
resonance is assigned to a transition to a continuum state of

a,, symmetry obtained mainly from a combination of the
2p, orbitals on the carbon atoms. Transitions to states of a,,
and b,, symmetry, which would be observed when the E
vector is parallel to the x axis, are evidently very weak.

For the first two continuum resonances it remains to be
determined whether the continuum state has e,, ore,, sym-
metry. Herzberg®S places the e,, state higher in energy than
both the e,, and a,, states. However, we have carried out an
ab initio SCF-MO calculation on the benzene molecule with
a minimal (STO-3G) basis set which placed the e, o* virtual
orbital below the e,, and a,,o* virtual orbitals. Kreile et al.?’
have found that there is a good correlation between shape
resonance position and the position of the corresponding vir-
tual orbital obtained in a minimal basis set SCF-MO calcula-
tion on the neutral molecule. Further, a calculation of the
continuum cross sections using the ground state potential
with the full Dy, symmetry gave a strong resonance for tran-
sitions to e,, continuum states and a weak resonance, at a
higher energy, for transitions to e,, continuum states. We
therefore assign the first continuum resonance to a state of
e,, symmetry and the second to a state of e,, symmetry. The
calculated transitions at the carbon K edge in benzene are
shown in an energy level diagram in Fig. 6, and the calculat-
ed energies and intensities for all the resonances are summar-
ized in Table IV.

The width and intensity of continuum resonances are
governed by the height of the effective potential barrier to
escape of the photoelectron. Effective potential barriers can
arise from centrifugal barriers in high angular momentum
states of the escaping electron. The sharpness and intensity
of the calculated continuum resonances in benzene indicate
a high potential barrier. Following the method of Dehmer
and Dill'® and Davenport® the cross section was calculated
as the sum of terms, each corresponding to a given / and m
partial wave component of the wave function of the escaping
photoelectron. Inspection of the different / components of
this sum show that for the second (e, ) and third (a,, ) contin-
uum resonances the asymptotic wave function for the con-
tinuum state has predominantly / = 6 character. The first
continuum resonance (e, ) has predominantly / = 5 charac-
ter, although there are substantial contributions from partial
waves of lower angular momentum. The high angular mo-
mentum will produce a high centrifugal barrier, which

TABLE V. Calculated relative energies and intensities of C K edge resonances in benzene.*

Predominant

Upper state Energy relative Relative intensity angular momentum
symmetry® to LP. (eV) (arb. units) state

ey, (m*) —55 1.0

byg(m*) - 177 0.43

e,.(0%) 244 1.54 =5

oM (g 6.8 0.05 I=6

a5,(0%) 10.33 0.35 I=6

* Parameters of MS-Xa calculation: @, = 0.759 28, a,; = 0.777 25, apyy =0.76, 7o = 1.6 an., ry =0.8 a.u.,

rour = 5.486 a.u., C-C distance = 2.636 a.u., C-H distance = 2.05 a.u.

* Calculations were carried out in C,,, symmetry; assignment corresponds to Dy, states from which the calcu-

lated states are derived.
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would explain the sharp calculated resonances. Addition of
I = 7 and ] = 8 outer sphere partial waves changed the cross
section by less than 10~2 Mb.

The carbon / = 2 partial waves were found to have an
important effect on the position and intensity of the o* con-
tinuum resonances. Without the / = 2 partial waves on the
carbon atoms the resonances are still obtained but are shifted
about 4 eV higher in energy than the continuum resonances
shown in Fig. 5(b), and the relative intensities are also in poor
agreement with experiment. In contrast, inclusion of the car-
bon / = 2 partial waves has a negligible effect on the posi-
tions and intensities of the 7* resonances.

Although MS Xa calculations were not carried out for
pyridine, the similarity of the benzene (Fig. 1) and pyridine
{Figs. 2—4) spectra in the gas and solid states along with the
isoelectronic nature of the two molecules strongly suggests
that a generally similar set of states are involved in X shell
excitation of pyridine. Thus we assign features A and B in
both the carbon and nitrogen K edge spectra to 7* reson-
ances while features C and D are attributed to o* resonances.
As in gaseous benzene a weak feature (2) is observed as a
shoulder between resonances A and B in the carbon X shell
spectrum of gaseous pyridine [Fig. 3(a)]. This feature is ab-
sent from the spectrum of solid pyridine [Fig. 3(b)] confirm-
ing that it is a transition to a Rydberg state, probably the 3p
state based on its term value of 3.2 eV.%8

V. DISCUSSION

Our assignments of peaks A, B to 7* states and peaks C,
D to o* states are strongly supported by the polarization
dependence of the chemisorbed monolayer spectra shown in
Figs. 1-4. In both benzene and pyridine peaks A and B have
the opposite polarization dependence to peaks C and D,
which indicates opposite symmetry of the first and second
pairs of states. Figure 7 gives the calculated benzene K edge
spectra for linearly polarized light incident at 90° and 20°
with respect to the plane of the ring. Comparison of the two
calculated spectra in Fig. 7 to those for chemisorbed benzene
in Fig. 1 readily establishes that benzene lies down on the
surface. In contrast, pyridine must be oriented perpendicu-
lar to the surface because of the opposite polarization depen-
dence of the resonances.’

A parallel orientation to the surface for benzene and a
perpendicular one for pyridine has been inferred before from
the polarization dependence of peak A alone,’” which clearly
must correspond to a 1s — 7* excitation. The persistence of
peak Bin the spectrum of the field is characteristic of valence
states rather than Rydberg states, which are normally
quenched in the solid state.?® This result, together with the
results of the calculation, unambiguously establishes peak B
to be the second weaker 1s — 7*(b,,) resonance. For che-
misorbed benzene this resonance is not resolved but is part of
the broad peak around 286 eV (Fig. 1). The existence of a
second 7* resonance for chemisorbed benzene is further-
more supported by the comparison of NEXAFS spectra for
ethylene, benzene, and pyridine monolayers chemisorbed on
Pt(111) shown in Fig. 8. For all molecules we have indicated
the chemisorption geometries. Although the C—-C bonds for
both ethylene and benzene are parallel to the surface the
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FIG. 7. The calculated carbon 1s spectrum of benzene for photoabsorption
of linearly polarized light incident at (a) 90° and (b) 20° to the plane of the
ring.

width of the first resonance, which corresponds toa 1s — 7*
excitation, is significantly broader for benzene.

Comparison of the spectra for chemisorbed benzene
with those of chemisorbed pyridine (Fig. 8) clearly shows the
effect of the interaction of the molecular 7 system with the
surface. The hybridization of molecular #* orbitals with
metal orbitals (predominantly of d charcter) leads to a broad-
ening of the 7* resonance but the broadening is much greater
for benzene than for pyridine, since the plane of the pyridine
ring is perpendicular to the surface. The origin of the broad-
ening can be attributed to an energy broadening of the hybri-
dized 7* state relative to the pure molecular 7* state (initial
state effect) and/or to a reduced lifetime of the 1s — 7* final
state created in the x-ray absorption process. A reduced life-
time would result from the overlap of metal and molecular
states as a consequence of delocalization. A similar broaden-
ing effect has been noted in the carbon and oxygen 1s — 7*
transitions of monolayer CO on Ni(111) and Pt(111).?° This
was attributed to broadening of the 7* level by hybridization
with the 4s,4p states of the Ni substrates.

Although the absolute energies of the N K edge features
in the solid and monolayer pyridine spectra could be in error
by as much as 1 eV, the position of the 1s — 7* resonance in
the monolayer spectrum relative to the position of the corre-
sponding resonance in the solid phase spectrum is known to
an accuracy of about + 0.5 eV. We consider, therefore, that
the observed shift of 1.3 eV in the 1s — 7* resonance at the
N K edge of monolayer pyridine, relative to the solid phase
position, is real. The shift could be caused either by a shift in
the N 1s core level on chemisorption or by an antibonding
interaction of the N 2p 7 orbital with the adjacent metal d
orbitals. A shift of 1.4 eV to higher energy relative to gas
phase pyridine has been observed in the N 15 core level in the
Fe(CO),~pyridine complex.?® The fact that the correspond-
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FIG. 8. The carbon X edge NEXAFS spectra of (a) C,H,, (b) CsD, and (c)
CsH;N monolayers on Pt(111). Spectra recorded with 90° and 20° incident
radiation are shown for each species. The indicated orientation of each mol-
ecule to the surface is consistent with the polarization dependence of both
the 7* and o* resonance intensities.

ing CK 1s — 7* resonance in monolayer pyridine shows a
shift of less than 0.5 eV is evidence that pyridine bonds to the
Pt(111) surface through the nitrogen.

We have shown in previous work®>> that in most cases
a given o* shape resonance can be associated with one of the
bonds, or types of bond, in a molecule, and that the energy of
the shape resonance (relative to £, for gas phase molecules
and relative to E for chemisorbed molecules) is a sensitive
measure of the bond length. For example, we have shown
that for aliphatic hydrocarbons there is a o* shape resonance
corresponding to each type of carbon—carbon bond in the
molecule and that there is a linear relationship between the
o* shape resonance position, relative to E, or E, and the
length of the corresponding bond.*? If these results could be
extended to aromatic molecules we would expect to find only
one o* shape resonance in the benzene spectrum, corre-
sponding to the unique C—C bond length. However, for ben-
zene there are two distinctly resolved and three calculated
shape resonances. The difference between the aliphatic and
aromatic hydrocarbons can be understood by building up
the correct delocalized o* states from a set of localized o*

Horsley et al. : K shell spectra of benzene and pyridine

states,>" each of these being localized on one of the bonds in
the molecule. In the case of the aliphatic molecules there is
only a weak interaction between the localized o* states®' and
so the delocalized o* states corresponding to a given type of
bond all lie at about the same energy, producing only one
shape resonance. However, in benzene and other aromatic
molecules there is a strong interaction between the localized
o* states, producing a set of delocalized o* states that are
widely separated in energy. In our previous work,>* we used
only peak D in the correlation of bond length with shape
resonance position, which is incorrect in the light of our
present results. We note, however, that for benzene the in-
tensity weighted average energy of peaks C and D relative to
E,, 8.8 4+ 0.5 ¢V, is in good agreement with the predicted
value® of 8.5 + 0.5 eV for a bond length of 1.40 A with a
single associated shape resonance.

In pyridine the average C~C bond length (1.394 A) is
about 0.05 A longer than the C-N bond length (1.340 A).32
The simple correlation?? for Z = 12 (C-C) and 13 (C-N)
predicts that the average o shape resonance energy associat-
ed with these bond lengths will occur at 8.8 (5} eV above the
CK L.P.and at 5.2(5) eV above the N X I.P. Experimentally,
the intensity weighted average energy relative to the LP. is
8.7 (5)eV for the C K edge spectrum and 6.0 (5)eVinthe NK
edge spectrum. Both the C-C bond length and the C-N bond
length are therefore obtained within 0.02 A of experiment
using the simple correlation. The shift in the intensity
weighted average energy shows up experimentally as a
change in the relative intensities of the continuum peaks.
The intensity of peak C relative to peak D is greater at the N
K edge than at the C K edge.

Despite the complexity of the spectra, changes in the
bond length on formation of the solid and on chemisorption
should be reflected by changes in the o* shape resonance
position. Comparison of the spectra for gas phase, solid, and
chemisorbed benzene and pyridine shows that both o* peaks
move by at most 1 eV. This corresponds to a maximum bond
length change of 0.02 A, using the relationship established
previously.? The bond length in solid benzene is indeed
known to be almost identical to the gas phase value.*® There
are no reported measurements of the bond length in chemi-
sorbed benzene on Pt(111). From low energy electron dif-
fraction studies, Van Hove ef al.>* suggested that in the case
of benzene chemisorbed on Rh(111) the benzene ring is dis-
torted to lower (C;,) symmetry with alternating C—C bond
lengths of 1.6 +- 0.1 and 1.25 + 0.1 A. Our results clearly
indicate that there is no distortion of this magnitude for ben-
zene on Pt(111), as such large changes in bond length would
lead to substantial changes in the shape resonance positions
on chemisorption. Our conclusion that there is a change of at
most 0.02 A in the C—C bond length on chemisorption is
consistent with x-ray diffraction measurements of the C-C
bond length in organometallic 7 complexes of benzene,
where the observed change in bond length is also less than

0.02 A.3536

VI. CONCLUSIONS

Comparison of the K shell spectra for gas phase, solid
state, and chemisorbed benzene and pyridine, together with
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a multiple scattering Xa calculation of the benzene X shell
cross sections, has enabled us to assign all the principal fea-
tures in the spectra. Carbon and nitrogen K shell spectra of
gas phase pyridine are reported for the first time. For ben-
zene, in addition to the two expected 7* resonances, calcula-
tions indicate that there are three o* resonances (two of
which merge to form one peak in the experimental spec-
trum), corresponding to high (/ = 5 and 6) angular momen-
tum states of the escaping photoelectron. There is at most
only a 1 eV change in the positions of the o* resonances on
formation of the solid and chemisorbed phases in these mole-
cules, which leads us to conclude that the maximum change
in the carbon-carbon bond length is only 0.02 A. This is in
agreement with earlier x-ray diffraction measurements on
solid benzene and is consistent with x-ray diffraction mea-
surements of the bond length in organometallic 77 complexes
of benzene. Finally, the polarization dependence of both the
* and o* resonances in the monolayer spectra has shown
that benzene lies flat on Pt{111) while the plane of the pyr-
idine molecule at 300 K is perpendicular to the surface.
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