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The carbon K-shell excitation spectra of gaseous cyclic hydrocarbons, both saturated
(cyclopropane, cyclobutane, cyclopentane, cyclohexane) and unsaturated (cyclopentene,
cyclohexene, and cyclooctatetraene), have been recorded by electron energy loss spectroscopy
under dipole-dominated conditions. These are compared to the NEXAFS spectra of
multilayers and monolayers of C,H;, CsHg, CJH,,, and CgHg on Pt(111). Multiple scattering
Xa calculations of the spectra of cyclopropane, cyclobutane, and cyclohexane are also
reported. In most cases the gas and solid spectra are essentially the same indicating that
intramolecular transitions dominate in the condensed phase. The NEXAFS polarization
dependence of the condensed phases has assisted spectral assignments and the determination of
the molecular orientation in the monolayer phase. In the saturated species a sharp feature
about 3 eV below the carbon 1s ionization threshold is identified as a transition to a state of
mixed Rydberg/valence character with the 7* (CH,) valence component dominating. Except
for cyclopropane the positions of the main o * resonances correlate with the C-C bond lengths
in 2 manner similar to that reported previously for noncyclic aliphatic molecules. In the
spectra of monolayer C;H,,, CsHg, and CgH, spectral broadening and weak additional features

are observed which are attributed to molecule-surface interactions.

I. INTRODUCTION

Over the last few years K-shell excitation studies by in-
ner shell electron energy loss (ISEELS)' and near edge x-
ray absorption fine structure (NEXAFS)?-® spectroscopies
have proven to be particularly useful in examining the elec-
tronic structure of molecules containing the second row ele-
ments C, N, O, and F. Carbon containing molecules are of
particular interest. Among the more significant recent dis-
coveries is an empirical correlation between bond length and
o shape resonance position.? In addition to intramolecular
bond length determination, the polarization dependence of
NEXAFS spectra provides information on the orientation of
molecules in the solid state and chemisorbed on surfaces.’
The spectroscopic and structural information in the spectra
of gas phase, solid, and chemisorbed molecules is best inter-
preted by combining these results. Gas phase spectra pro-
vide information which concern only intramolecular transi-
tions. These can be compared to the solid and monolayer
spectra to identify effects due to intermolecular or molecule—
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surface interactions. In a recent study of benzene and pyr-
idine* the gas, solid, and monolayer spectra were found to be
dominated by a common set of intramolecular resonances.
This indicates that the K-shell excitations are predominantly
intramolecular and that transitions to states based on inter-
molecular interactions are weak or absent.

The features observed in the K-shell spectra of free mol-
ecules are usually classified as being transitions to one or the
other of two limiting types of upper levels: Rydberg orbitals
or virtual valence orbitals. The large, diffuse Rydberg orbi-
tals collapse into the band structure of the solid upon che-
misorption or solidification and are generally not observed.
Thus Rydberg transitions in gas phase spectra can be identi-
fied readily by comparison to the spectrum of the same mole-
cule in the solid state. The virtual valence orbitals can be
classified as being of o* or 7* character, where for nonplanar
molecules o and 7 symmetry refer to the orientation of orbi-
tals along or perpendicular to a particular C-C axis in the
molecule. When the orientation of a molecule is fixed, as in
chemisorption or in an oriented multilayer, a transition can
be identified as either o* or 7* from the polarization depen-
dence of the spectral intensity® if the molecular orientation
on the surface is known or can be deduced. Of course “Ryd-
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berg” or “virtual valence” designations are limiting abstrac-
tions. In reality an upper state can have an intermediate,
mixed Rydberg—valence character, as has been discussed ex-
tensively in valence excitation spectroscopy.® One means of
estimating the degree of either Rydberg or virtual valence
character in a particular state is to compare condensed and
gas phase intensities. The more similar these are, the greater
the localization of the upper state and thus the more valence-
like it is. Thus the observation of intense, sharp features in
the spectra of multilayer ices” and monolayer of NH,* and
H,O° indicates that previous interpretations of solely Ryd-
berg character for these core-excited states'® is inappropriate
and that a description which includes an appreciable valence
character is more accurate. A rather complete discussion of
the Rydberg/valence nature of the core-excited states of
H,O has been presented by Ramaker'' who concludes that
the antibonding valence character dominates both of the
pre-edge features.

Recently studies have been reported on inner shell exci-
tation in gas phase noncyclic aliphatic hydrocarbons®'? and
in cyclic aromatics.* In order to provide further understand-
ing of inner shell excitation in different environments we
have carried out an investigation of some cycloalkanes and
cycloalkenes. Gas phase, solid, and chemisorbed spectra
were recorded for C,H,, CsHg, CiH,, (or CD,,), and CgH,
while only gas phase spectra have been recorded for C;H,,
C,H,,, and C¢H,,. These spectra are interpreted with the aid
of MS-Xa calculations of the carbon K-shell excitation spec-
tra of C;Hg, C,H;, and C;H,,.

The paper is organized as follows. Section II describes
the experimental procedures used to obtain the ISEEL, and
NEXAFS spectra while Sec. II A provides details of the
multiple scattering calculations. In Secs. III A-III D the re-
sults for the saturated species are presented. Separate subsec-
tions discuss: the o* resonances (Sec. I11 B), the mixed Ryd-
berg/valence 7*(CH,) feature (Sec. IIIC), and the
polarization dependence of the condensed phase spectra of
cyclobutane and cyclohexane (Sec. III D). The spectra of
the unsaturated species are presented in Sec. I'V, with subsec-
tions discussing: the interpretation of the gas phase spectra
(Sec. IV A) and the polarization dependence of the con-
densed phase spectra of cyclopentene and cyclooctatetraene
(Sec. IV B). In Sec. V the results are discussed in the context
of the previously described relationship between o* reso-
nance position and bond length. This is followed by some
concluding remarks in Sec. VI.

Il. EXPERIMENTAL

The experimental apparatus and techniques used to ac-
quire the ISEELS spectra have been described in detail else-
where.!! The gases used were the vapors of commercially
obtained, high purity liquid samples which were all used
without further purification except for cyclooctatetraene,
which was vacuum distilled before use to remove impurities.
Air and volatile impurities in the liquids were removed by a
series of freeze-pump-thaw cycles. The absolute energy
scales were determined by calibrating the spectra to the
Ls—r* transition in CO (C,H,, CsHg, CiH,y, and CgHy),
CO, (C,Hy), C,H, (C4H,,) or C,H, (CsH ;). The energies
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of the 1s—* transitions in these calibrant gases were taken
to be 287.40(2) eV," 290.7(1) eV, 285.9(1) eV, and
284.7(1) eV, respectively.

The NEXAFS spectra were acquired using the grass-
hopper monochromator on beam line I-1 at the Stanford
Synchrotron Radiation Laboratory. The procedure used to
collect a spectrum has been described previously.*'® Both
solid and monolayer spectra were measured on a Pt(111)
crystal surface. The surface was cleaned by exposure to 10~
Torr of oxygen at 870 K, followed by annealing at 1200 K in
ultrahigh vaccum. Sulfur was removed by argon ion sputter-
ing. Solids of C,Hy, CsH,, CeD,,, and CgHg were prepared
by exposing the Pt(111) crystal, kept at 100K, to 1 X 10~
Torr of the respective gases for 60's (6 L). Monolayer spec-
tra were obtained by heating the Pt(111) crystal with the
condensed multilayers to temperatures of 170 K for CsH,
and C,D,, and to 210 K for CgHj, just above the multilayer
desorption temperature. All spectra were recorded with the
crystal at 100 K.

A. Calculational procedures

The calculations of the absorption cross sections for the
near edge region in cyclopropane, cyclobutane, and cyclo-
hexane were carried out using the multiple scattering (MS)
Xa method.!” The approach was the same as that used in
recent calculations of the near edge region in ethylene'® and
benzene.* The molecular potential was obtained in a self-
consistent MS-Xa calculation with half an electron removed
from the 1s orbital of one of the carbon atoms (transition
state potential). The carbon sphere radii were chosen to
overlap by 20% and a value of 0.8 a.u. was used for the
hydrogen sphere radius. Partial waves up to / = 6 were in-
cluded for the outer sphere, up to / = 2 for the carbon atoms
and / = 0O for the hydrogen atoms. For cyclobutane, the in-
clusion of the / = 1 partial wave for hydrogen made negligi-
ble changes in the calculated cross sections. The bond
lengths in cyclobutane were taken from the geometry report-
ed by Almenningen and Bastiansen.? Calculations of cyclo-
butane were carried out for both the planar and puckered
geometries. Cyclobutane is known to have a puckered geom-
etry in its equilibrium configuration although the barrier se-
parating the two puckered conformations is very small.>! A
puckering angle of 30° (the average of the IR*! and NMR*?
values) was used in the calculations.

Absorption cross sections for transitions from the core
level to the continuum states were calculated using the pro-
gram of Davenport** with the acceleration form of the dipole
operator. Oscillator strengths for bound state transitions
were calculated by the method of Noodleman?* and convert-
ed to cross sections using the relation?

o(E) =TEh df _meh pdn

mc dE  mc "~ dE
where fis the oscillator strength and 7 is the principal quan-
tum number. The height of the resonance is given by o(£)
and the width by (dn/dE) ~'. The latter quantity was fixed
at 1 eV, accounting for both natural linewidth and instru-
mental broadening. Thus the bound states are represented
by Lorentzians of width 1 eV and height o(£). The contin-

J. Chem. Phys., Vol. 85, No. 9, 1 November 1986

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



Hitchcock et al. : K -shell excitation of hydrocarbons 4851

uum cross sections for cyclopropane and cyclobutane were
convoluted with a Lorentzian of 1 eV width. For cyclohex-
ane the calculated continuum resonances were much nar-
rower than the observed resonances. In this respect the cy-
clohexane results are similar to the results obtained
previously for benzene.* Although the origin of the discrep-
ancy between the calculated and observed resonance widths
is not fully understood at present, it could be the result of
additional vibrational broadening in these molecules. As for
benzene,* the calculated cross section for cyclohexane was
convoluted with a Lorentzian of 3 eV width to produce a
simulated spectrum for comparison to experiment.

Ill. RESULTS AND DISCUSSION
A. Cyclic alkanes

The carbon K-shell spectra of gas phase C;H, (cyclo-
propane), C,H; (cyclobutane), CsH,, (cyclopentane), and
CgH,, (cyclohexane) are shown in Fig. 1. The hatched lines
indicate the onset of C 1s ionization. To our knowledge only
the carbon K-shell ionization potentials (I.P.) of gaseous
cyclopropane and cyclohexane have been reported.?® The C
1s 1.P.’s of saturated hydrocarbons systematically decrease
with increasing size so the I.P.’s of cyclobutane and cyclo-
pentane are expected to lie between these two values and are
estimated to be 290.5 and 290.4 eV, respectively. These esti-
mates should be accurate within 0.2 eV. Except for the weak
peak (a) at 284.6 eV in cyclobutane, which is attributed to
theintense 1s—* feature in C,H,"* formed in the decompo-
sition of cyclobutane, all spectral features are interpreted as
transitions to unoccupied levels of the cyloalkanes. The ener-

units)

Intensity (arb.

1 R AP AP O
280 290 300 310 320
Energy (eVd

FIG. 1. The carbon K-shell ISEEL spectra of gaseous cyclopropane, cyclo-
butane, cyclopentane, and cyclohexane recorded by electron energy loss of
2.8 keV electrons at 0.7 eV FWHM resolution.

gies, term values, and proposed assignments are listed in
Table 1.

B. o* Resonances

The most intense features in the spectra of the cycloal-
kanes occur around the C 1s I.P. These features are assigned
to 1s—o* (C-C) transitions. The occurrence of the majority
of the o* resonance intensity around the LP. is consistent
with the C-C bond lengths of the cycloalkanes®’ within the
previously described correlation of bond lengths and reso-
nance positions.” The details of the correlation are discussed
in Sec. V. The MS-Xa calculations for cyclopropane, puck-
ered cyclobutane, and cyclohexane (chair confirmation) are
shown in Fig. 2 in comparison with the experimental gas
phase ISEELS spectra. For each of these molecules the cal-
culated spectrum shows several o* resonances with the first
resonance being close to the L.P. and considerably more in-
tense than the 5* resonance(s) at higher energy. The calcu-
lated spectrum for planar cyclobutane is almost identical to
the spectrum for the puckered molecule although the reson-
ances are somewhat sharper in the planar geometry.

Apart from some weak features which are not repro-
duced by the MS-Xa calculation, the experimental and cal-
culated spectra of cyclopropane and cyclobutane in the re-
gion of o* resonances are in reasonable agreement whereas
there is somewhat worse agreement between theory and ex-
periment for cyclohexane. The two o* features calculated
for cyclobutane have positions and relative intensities in
good agreement with the observed features. The calculated
continuum of cyclopropane contains one feature whereas
there is a distinct shoulder around 300 eV on the high energy
side of the broad continuum resonance in cyclopropane. The
calculated continuum of cyclohexane exhibits three o reson-
ances in contrast to the experimental observation of only two
resonances.

The calculated polarization dependence of the o* reson-
ances in cyclopropane and cyclobutane gives insight into the
character of these upper states. Following the same proce-
dure used to assign the resonances in benzene,* we define
local x and y axes on each carbon atom, with the x axis
pointing towards the center of the ring and the y axis perpen-
dicular to it in the plane of the molecule. For both molecules
the most intense resonance ( #2 in cyclopropane, #3 in cy-
clobutane) is obtained only for radiation with the E vector
parallel to the y axis on the excited carbon atom. This means
that the upper level is a; in cyclopropane and a,, in planar
cyclobutane. In both cases these molecular orbitals are ob-
tained from an antibonding combination of p orbitals orient-
ed along the local y axes (see scheme 1). The spatial distribu-
tion of these orbitals is well represented in the work of
Jorgensen and Salem.?®

scheme 1
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TABLE 1. Absolute energies and proposed assignments of features observed in the carbon K-shell spectra of
cyclopropane, cyclobutane, cyclopentane, and cyclohexane.

Cyclopropane Cyclobutane®
E T Assignment E T® Assignment
¥ +0.1eV eV final orbital # +0.1eV 4 final orbital
a 284.6(2) 7*in C,H,
1 287.7 2.9 4a; 7™ (CH,) 1 287.4¢ 3.1 2a,,m™ (CH,)
2 289.0° 1.6 a,o* (C-C) 2 2889 1.6 4
3 289.9 0.6 la,,0 (C-C)
LP. 290.6° LP. 290.5°f
293.2(8) -26 e'o* (C-C) 4 291.6(5) - 11 4e, 0* (C-C)
299.2(8) — 86 o* (C-C) 5 299.2(8) — 8.7 4b,,0* (C-C)
Cyclopentane Cyclohexane®
' 2870 34 3s
1 287.6" 2.8 14a'm™ (CH,) 1 287.7 2.6 4a,,m™ (CH,)
2 289.2 1.1
4
LP. 2904f LP. 290.3¢
3 290.5 —-0.1 9a"0* (C-C) 3 2919 - 1.6 a,,0* (C-C)
4 294.5(8) —4.1 13a'0* (C-C) 4 299.6(8) —9.3 o* (C-C)

® Orbital designation based on the average planar structure (D,, ). The lowest energy configuration is puckered
(D,,) but the barrier to inversion is small.

*T=LP.—E. (NoteinTable VL, 6§ = — T")
°This feature is located 1.60(5) eV below the #* transition in CO (Ref. 13).

4 This feature is located 3.30(6) eV below the 7* transition in CO, (Ref. 14).
°From x-ray PES (Ref. 26).
fEstimated by interpolating between the 1.P.’s of cyclopropane and cyclohexane (Ref. 26).
2 Orbital designations are based on the chair conformation (D, ).
" This feature is located 2.85(9) eV above the 7* transition in C,H, (Ref. 15).
This feature is located 1.81(9) eV above the 7* transition in C,H, (Ref. 15).

The higher resonance in the case of cyclopropane (#3) is

obtained when the E vector is parallel to either the x or y axis
(although the x axis component is by far the stronger). The
upper level can therefore be assigned to be e’. For cyclobu-
tane the higher energy calculated resonance is intense only
for radiation with the E vector parallel to the x axis. Thus the
upper level for this transition must be the b,, orbital which is

pointing towards the center of the ring (scheme 2).

byq

formed from an antibonding combination of the p orbitals scheme 2
Absolute Energy (eV)
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2 gas
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c b ISEELS and MS-Xa calculated carbon K-
o
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Note that for cyclopropane the description of e’ in terms of
“Walsh orbitals” also consists of sp hybrids pointing
towards the center of the ring. The upper states of the two
principal resonances in cyclopropane (#2, #3) are there-
fore analagous to the upper states for the corresponding re-
sonances in cyclobutane (#3, #5). For cyclobutane one
more low-lying state is expected from a simple MO treat-
ment, that of e, symmetry. There is no calculated feature
that can be assigned to this state. We suggest that it may
correspond to the weak feature (#4) at 291.6 eV, on the
high energy side of the intense a,, resonance at 289.9 eV
(#3). A similar description of the occupied and unoccupied
valence orbitals of cyclopropane and cyclobutane had been
presented by Hoffman and Davidson®® who explain the unu-
sual reactivity of these species in terms of their orbital char-
acter.

The ordering of o* levels predicted by the MS-Xa calcu-
lations (@} <e') differs from that given by the ab initio calcu-
lation of Basch et al.® for which the orbital energies and
electron densities are summarized by Jorgensen and Sa-
lem.?® However the ordering and the energy separation (6.2
eV) obtained in this work are both in good agreement with
the ab initio results of Buenker and Peyerimhoff.>' The dis-
agreement of different ab initio calculations with regard to
the order of virtual levels probably reflects the sensitivity of
Hartree—Fock methods to the choice of basis set. According
to the MS-Xa results the o* resonances occur predominant-
ly with / = 3 outer sphere components in cyclopropane and
! = 4 in cyclobutane.

We note that the a; orbital in cyclopropane is the upper
level of an exceptionally intense resonance, known as a “gi-
ant resonance”, in the VUV spectral region.>” In this case the
transition starts from an e’ valence orbital rather thana C 1s
orbital and the observed VUV spectrum*® exhibits two
strong resonances at 10.2 and 13.0 eV which are interpreted
as the Jahn-Teller split components of the (3¢’ %, la}) 'E’
state. There is a similar giant resonance of a,, symmetry in
the VUYV spectrum of cyclohexane, lying just above the ioni-
zation threshold. The corresponding feature in the x-ray re-
gion is the intense resonance (feature 2) located 1.6 eV
above the I.P. Based on the VUV assignment we assign fea-
ture 2 in the C ls spectrum of cyclohexane to C 1s—a,,
transitions. This aspect of the spectrum of cyclohexane has
been discussed previously.*

The experimental and calculated results of these mole-
cules suggest that the C 1s spectra of cycloalkanes do not
follow fully the simple relationship of one continuum reso-
nance per bond length between heavy atoms proposed from
earlier studies.>'? Although the most intense resonance gen-
erally occurs at an energy consistent with the correlation,
additional o* features do occur. These additional continuum
features can be considered to arise from interactions among
several localized o*(C-C) states at similar energies. Such
interactions produce several delocalized states separated in
energy thus producing a wider distribution of o*(C-C) os-
cillator strength. In both calculation and experiment the in-
tensity of the higher energy o* resonance(s) in the cycloal-
kanes decreases in the order: cyclopropane, cyclobutane,
cyclohexane, suggesting a systematic decrease in its intensity
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as ring size increases. The decrease in intensity of the addi-
tional feature with increasing ring size is consistent with an
origin associated with interactions among o* levels since the
greater distance between bonds and the less rigid geometry
of the larger molecules lessens the interaction. A similar
trend of decreasing intensity of a second, higher energy
o*(C-C) transition with increasing ring size has been ob-
served in recent studies of both saturated heterocyclics®* and
linear alkanes.? Several resonances arising from delocalized
o* states are also observed in the C 1s continua of benzene,
pyridine,® and borazine®® whereas the simple bond length
correlation predicts only a single o* (C-C) feature in each of
these molecules.

A possible alternate assignment for the higher energy
continuum features is to o* levels associated with C-H
bonds. Continuum features have been assigned in this man-
ner in the K-shell continua of CH,, NH;, and H,0.? How-
ever this feature gets noticeably weaker as the size of the
hydrocarbon ring increases whereas a o*(C-H) transition
would be of constant intensity or possibly become stronger
because of the greater number of C-H bonds. Both the incor-
rect ring size dependence and the variable position contra-
dict a o* (C-H) interpretation based on the bond length cor-
relation concepts. Of course the separation of continuum
resonances into localized o* (C-C) and o*(C-H) is only a
first approximation and the resonances will have mixed
character in most cases. Other possible assignments for the
second continuum features include double excitation (si-
multaneous excitation of both a valence and core electron)
or shakeup (ionization plus excitation). Double excitation
transitions are generally much sharper than this feature. The
width is more consistent with a very short lived state arising
from a one-electron promotion (as assigned) or possibly, a
shakeup continuum. The onset of shakeup continua in
ISEELS should correspond to the position of peaks in XPS
satellite spectra. The XPS satellite spectra of these molecules
have not been reported to our knowledge. However, in pre-
vious comparisons for many other molecules there has been
little correlation between onsets of continuum features and
XPS satellites. This is not surprising since the shakeup pro-
cess is likely very weak at threshold. Thus we feel that essen-
tially all of the continuum features arise from one-electron
excitations to o*(C-C) levels as assigned in Table I.

C. The mixed Rydberg/valence =* (CH,) state

This section deals with the interpretation of peak 1 in
the spectra of the cycloalkanes (Fig. 1). Overall this feature
is well aligned in all four spectra and has a term value
between 2.6 and 3.1 eV. This is in the range expected for
transitions to 3p Rydberg states.*® However peak 1 is as-
signed to a mixed Rydberg/valence state rather than a pure
Rydberg state, based on the relative intensity and polariza-
tion dependence of the corresponding feature observed in the
condensed phase spectra of cyclobutane and cyclohexane.
The NEXAFS spectra of solid cyclobutane [in the form of a
multilayerice ona Pt(111) surface] recorded with both nor-
mal (90°) and glancing (20°) incidence are shown in Fig. 3in
comparison to the gas phase ISEEL spectrum. Monolayer
spectra of cyclobutane could not be obtained because all of
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FIG. 3. (a) The carbon K-shell ISEEL spectrum of gaseous cyclobutane.
(b) The carbon K-shell NEXAFS spectrum of solid cyclobutane recorded
with normal x-ray incidence by partial electron yield from a multilayer con-
densed on Pt(111) at 100 K. (c) The glancing incidence NEXAFS spec-
trum of solid cyclobutane. A background estimated from the shape of the
low energy pre-edge region has been subtracted from the original data to
produce the spectra shown.

the multilayer desorbed upon warming. The NEXAFS spec-
tra of solid (multilayer) and monolayer cyclohexane on
Pt(111), each recorded at both normal (90°) and grazing
(20°) x-ray incidence, are shown in Fig. 4 along with the gas
phase spectrum for comparison. The hatched lines in Figs. 3
and 4 indicate the locations of the ionization thresholds as
measured by XPS.2%3” The NEXAFS spectra of cyclohex-
ane were recorded using C,D, rather than C;H ;. Although
a deuterium isotope effect has been observed in the carbon
K-shell spectrum of methane,*® the spectrum of C,D,, is not
expected to differ significantly from that of C;H,,. Energies
and proposed assignments of the features in the condensed
phase spectra of both cyclobutane and cyclohexane are listed
in Table II.

The prominent intensity of the feature labeled #1 in
both the multi- and monolayer spectra (Figs. 3 and 4) is
inconsistent with a solely 3p Rydberg assignment since tran-
sitions to Rydberg orbitals generally disappear in condensed
phase spectra. Indeed, this behavior is used frequently to
distinguish valence from Rydberg transitions.*® Further-
more, peak 1 shows polarization dependence in the spectra
of both multi- and monolayer cyclohexane which would not
be expected for a transition to a spherically symmetric Ryd-
berg orbital (at our experimental resolution components of a
symmetry-split 3p Rydberg state would be unresolved). Al-
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FIG. 4. (a) The carbon K-shell ISEEL spectrum of gaseous cyclohexane.
(b) The carbon K-shell NEXAFS spectrum of solid cyclohexane (d-12)
recorded with normal x-ray incidence by partial electron yield from a multi-
layer condensed on Pt(111) at 100 K. (c) The glancing incidence
NEXAFS spectrum of solid cyclohexane (d-12). (d) The normal incidence
NEXAFS specrum of a monolayer of deuterated cyclohexane on Pt(111)
produced by heating the multilayer sample to 170 K. (e) The glancing inci-
dence NEXAFS spectrum of a monolayer of deuterated cyclohexane on
Pt(111) (heated to 170 K). The hatched lines indicate the C 1s ionization
energies of the gas (relative to the vacuum level), the solid (relative to the
Fermi level of polycrystalline gold), and the monolayer on Pt(111) [rela-
tive to the Fermi level of the Pt(111) surface]. The spectra shown have had
a background subtracted.

though the first transition in solid cyclobutane is less well
resolved than in the gas phase and does not exhibit polariza-
tion dependence, it is clearly detected. These aspects of the
condensed phase spectra of cyclobutane and cyclohexane
rule out a purely 3p Rydberg assignment for feature 1.

The obvious alternative is to assign feature 1 in both
molecules to transitions to a state of mixed Rydberg/valence
character in which the valence character dominates for exci-
tations from the localized carbon 1s level. This would be
consistent with both the polarization and the strong intensi-
ty in the condensed phase spectra. Cyclohexane in the chair
conformation has a low lying antibonding 4a,,#* (CH,)
orbital®® and transitions to this level are dipole allowed. Fur-
thermore, peak 1 shows a polarization dependence which is
opposite of that of the o*(C-C) shape resonance (#3), as
would be expected for an upper state involving population of
an orbital oriented perpendicular to the C-C bond. Thus
both the polarization dependence and the absence of
quenching in the solid state are consistent with a predomi-
nantly 4a,,7* (CH,) character to the upper level. Cyclo-
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TABLE I Absolute energies and proposed assignments of features observed in the carbon K-shell spectra of gas and multilayer C,;Hz on Pt(111) and gas,

multilayer, and monolayer C;H,, on Pt(111).

Cyclobutane ‘
Multilayer
Gas 90° 20° Assignment
Feature +0.1eV 4+ 0.5eV
final orbital
a 284.6 285.0(8) 285.5(8) see the text
1 287.4 288.2 288.0 2a,, 7 (CH,)
2 288.9 4p
3 289.9 290.0 290.0 a,,0* (CC)
LP. 290.5% 283.8° 283.8°
4 291.6 292.0 4e,0* (C-C)
S 299.2(8) 300 (1) 300 (D) 4b,,0* (in-ring)
Cyclohexane
Multilayer Monolayer
Gas 90° 200 90° 20° Assignment
Feature +0.1eV +0.5eV 4 0.5eV final orbital®
a e 284.5(8) 284.5(8) 285(1) 284(1)  seethe text
1 287.7 288.2 288.5 289.4 289.4 4a,, 7 (CH,)
LP. 290.3¢ 285.4° 285.4¢ 283.5 283.57

3 291.9 2922 291.5 292.6 e a,,0* (C-C)
4 299.6 301.6 300.5 e o* (in-ring)

* Estimated from the I.P.’s of cyclopropane and cyclohexane (Ref. 26).

®From XPS (Ref. 37)—binding energy relative to the Fermi level of Pt(111).

¢ Orbital designation for the chair conformation (D,,).
9From XPS (Ref. 26).

*From XPS (Ref. 45)—binding energy relative to the Fermi level of polycrystalline Au.
fFrom XPS (Ref. 37)—binding energy relative to the Fermi level of Pt(111).

pentane also has a low-lying unoccupied 14a’7*(CH,) orbi-
tal®® suggesting this assignment for peak 1 in that spectrum.
In cyclobutane the lowest unoccupied MO is the 2a,,
m*(CH,) in a planar geometry while in cyclopropane the
corresponding MO is of 4a; symmetry.

In contrast to the reasonable agreement between calcu-
lation and experiment for the o* resonances, there is rela-
tively poor agreement for the bound states below the C 15 1.
P. (Fig. 2). Weak features are observed 2.1 and 3.8 eV below
the LP. in the calculated spectra of cyclobutane and cyclo-
hexane which roughly match the 3p/7* (CH,) features (ex-
perimental term values of 3.1 and 2.6 eV). In cyclopropane
the lowest energy peak is not reproduced as a distinct feature
by the MS-Xa calculation although a weak transition is cal-
culated to overlap the intense a; resonance. For all species
the calculated cross section of this transition is much smaller
(relative to the continuum) than observed experimentally.
It appears that the calculational procedures are not adequate
to reproduce the discrete structure in these molecules, where
extensive Rydberg—valence mixing seems to occur. This situ-
ation is qualitatively different from unsaturated species such
as ethylene,'® benzene,* etc. where the MS-Xa method gave
good agreement with experiment for both the discrete and
continuum regions.

The MS-Xa calculations indicate that feature 1 in cyclo-
butane and cyclohexane corresponds to excitations to the

second lowest unoccupied orbital. The lowest energy excita-
tion is calculated to be a very weak C 1s-—3s transition. The
upper state for feature 1 is calculated to have a mixed Ryd-
berg—valence character with the Rydberg character predo-
minating at the ground state geometry. Such mixed Ryd-
berg—valence states are well-known for small hydride
molecules. They occur when a Rydberg orbital has the same
nodal pattern as one of the antibonding valence orbitals. For
example, the 3s Rydberg orbital in H,0 and NH, mixes with
the O-H and N-H o* orbitals, with the amount of mixing
being very dependent on the O~H and N-H distances.”*® As
the O-H or N-H distance increases, the antibonding compo-
nent increases and the mixed state changes from predomi-
nantly Rydberg to predominantly valence antibonding. The
mixed Rydberg—valence character of the upper state of fea-
ture 1 in cyclopropane and cyclobutane can be shown by the
change in the composition of the upper state when the C-H
distance is increased. For cyclopropane, at the ground state
geometry the percentage of the electronic charge contained
in the atomic spheres and the inter and outer sphere regions
is: C 8%, H 0%, inter 12% and outer 79%. With an increase
of only 10 pm in the C-H distance the percentages become:
C 12%, H 0.5%, inter 16% and outer 71%. The Rydberg
character of the orbital is evident from the large outer sphere
contribution, which is typically 109%-20% for purely va-
lence orbitals. The removal of charge from the outer sphere
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and its transfer to the carbon atoms as the bond length in-
creases corresponds to a decrease in the Rydberg character
of the orbital (measured by the amount of charge in the outer
sphere region) and an increase in the valence character.
However the MS-Xa calculations for these mixed Rydberg-
valence states predict a much lower intensity than that ob-
served.

For cyclobutane the calculations give only a weak
shoulder on the side of the first continuum resonance instead
of the very strong peak in the experimental spectrum. The
calculated 3p/7* (CH,) feature in cyclopropane falls at al-
most exactly the same energy as the intense a; resonance and
s0 does not appear as a separate feature. Evidently the con-
tribution of the Rydberg component of the mixed state is
overestimated by the calculations. The reasons for the failure
of the calculations to describe the mixing in this state are not
clear. It could be that the relative contributions of the Ryd-
berg and valence states are very sensitive to the accuracy of
the calculation and that a one-electron self-consistent-field
treatment is not accurate enough to give a good description
of these states. One electron calculations do appear to be
adequate for the description of similar mixed states observed
in the VUYV spectra of small hydride molecules such as H,O
and NH,,> but the core hole may cause changes in the Ryd-
berg/valence mixing that can be described only by more ac-
curate calculations. Alternatively the discrepancy could be
due to vibronic effects. The C-H distance in the upper state
could be significantly longer than in the ground state. This
seems reasonable in view of the antibonding #* (CH,) char-
acter of the upper state. Vertical Franck—Condon transitions
from points on the ground state potential surfaces corre-
sponding to C-H bond lengths somewhat greater than the
equilibrium value would now have significant intensity. The
antibonding valence component in the upper state increases
with increasing C-H distance, so such transitions could
dominate the observed spectrum. A calculation using the
ground state geometry would not therefore reproduce the
observed intensity.

A reassignment of the previously reported C 1s spectra
of other saturated hydrocarbons is suggested by the present
assignment of the first feature in the spectra of C;Hg, C,H,,
C,sH,,, and C¢H,, to transitions to a level of predominantly
7* (CH,) character. For example, molecular orbital dia-
grams for ethane show that an analogous 7* (CH,) orbital
exists in both the staggered and eclipsed conformations of
ethane.?® Thus we suggest that the intense feature at 287.9
eV in the carbon K-shell spectrum of ethane'® corresponds to
transitions to an upper level of predominantly 7* (CHj;)
rather than 3p Rydberg character. The C 1s NEXAFS spec-
trum of ethane condensed on Cu(100) exhibits a corre-
sponding feature,*’ providing additional support for this
reassignment. A similar feature, also assigned to transitions
to a level of predominantly 7* (CH,) character, is observed
in the C 1s spectra of a number of linear and branched al-
kanes,>’ further supporting the present assignment.

The shoulder (#2) on the low energy side of the main
o*(C~C) feature in both the C,H; and CH,, spectra is as-
signed on the basis of its term value (~1.5eV) toan incom-
pletely resolved 4p Rydberg transition. Interestingly the C

Hitchcock et al. : K -shell excitation of hydrocarbons

1s— 3s transition, which is expected to have a term value of
about 3.5 eV, is only observed in cyclopentane ( #1' in Fig.
1) and not in the other cycloalkanes. This is considerably
different than the spectra of the corresponding linear al-
kanes>® where the 3s feature is observed in all cases, with an
intensity relative to the 7* (CH,) transition which increases
as the chain length increases. The C 15— 3s transition in cy-
clopropane, cyclobutane, and cyclohexane could be hidden
underneath a broadened and lower energy 7#* (CH,) transi-
tion. However the measured widths (FWHM) of the 7*
(CH,) features are essentially identical in the corresponding
C,H,, cyclic and C, H,,,, noncyclic alkanes, with the
width increasing systematically from 1.1 eV in cyclopro-
pane/propane to 1.5 eV in cyclohexane/hexane. The appar-
ently very weak intensity of the C 1s— 3s transitions in cy-
cloalkanes is also predicted by the MS-Xa calculations.

D. Further discussion of the solid and monolayer
spectra of C;Hg and CgH1.

The NEXAFS spectra of multilayer cyclobutane (Fig.
3) and those of multi- and monolayer cyclohexane (Fig. 4)
exhibit further features noteworthy both with regard to spec-
troscopic assignments and to the electronic and geometric
structure of these condensed phases. Aside from resolution
differences the condensed and gas phase spectra of cyclobu-
tane are very similar, as are those of cyclohexane. This indi-
cates that most of the features arise from transitions to a
common set of localized unoccupied molecular levels. There
is very little polarization dependence of the spectrum of solid
cyclobutane which indicates that the molecules are oriented
randomly in the multilayer. One obvious difference between
the spectra of gas and solid cyclobutane is the relative inten-
sities of the feature around 285 eV marked (a) in Fig. 3. The
feature at this energy in the gas phase spectrum of cyclobu-
tane is relatively narrow and is believed to be the C 1s—7*
transition in C,H, arising from decomposition of cyclobu-
tane. The 285 eV feature in the solid state is considerably
more intense and appears to be more of a continuum onset
rather than an actual peak. Relative to the o*(C-C) reson-
ances the intensity of (a) varies with x-ray incidence. The
variation is consistent with that expected from a ls—m*
transition in an ethylene molecule oriented parallel to the
surface. However, relative to the nonstructured continuum
at 315 eV there is negligible intensity variation of (a) with
polarization changes. Thus the polarization dependence of
this feature is ambiguous.

In the gas phase spectrum of cyclohexane only a smooth
valence ionization continuum is observed at 285 eV in the
region of feature (a) whereas the multi- and monolayer
spectra (Fig. 4) both exhibit exhibit a feature similar to the
bump seen in solid cyclobutane. The fact that (a) is observed
only in the condensed phase spectra suggests that it arises
from intermolecular or molecule-surface interactions. In
monolayer cyclohexane, (a) could arise from promotion of
carbon 1s electrons into the unoccupied valence band of the
metal substrate. This interpretation is supported by the ob-
servation that the threshold of (a) is almost coincident with
the measured C K-shell 1.P.,%” corresponding to the Fermi
level of C,D,, covered Pt(111). The cyclohexane multilayer
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is probably very thin since the 6 L exposure would corre-
spond to ~ 6 layers if the sticking coefficient was unity and
the sticking coefficient will be smaller on cyclohexane than
onclean Pt(111). Relative to the higher energy features, (a)
is weaker in the multilayer than in the monolayer. This sug-
gests that (a) may arise from transitions to metal valence
band or molecule—surface states in the C¢D,, layer closest to
the metal. This signal, detected in a partial electron yield
mode, would in a sense be “shining through” the overlying
C¢D,, layers. A patchy multilayer could also explain the
observation of signal from monolayer regions. Alternatively
this feature could arise from ethylene impurity (or another
unsaturated species such as benzene which also has a 7*
state around 285 eV). However the observation of similar
features in both cyclobutane and cyclohexane (the only cy-
clic alkanes whose NEXAFS has been studied to date) and
the absence of any other evidence of impurities either in the
gas samples or on the Pt(111) surface prior to adsorption
suggests that these features are characteristic of cyclobutane
or cyclohexane adsorbed on a Pt(111) surface.

Surprisingly, the spectrum of multilayer CcD,, shows
considerable variation with angle of x-ray incidence. This
suggests that it is at least partially oriented, indicating epi-
taxial crystal growth of the multilayer. The degree of orien-
tation in a sample can be expressed by an orientation factor
defined as the ratio of the intensity of a feature in spectra
recorded with different angles of x-ray incidence on the sam-
ple. Since absolute intensities have not been measured, the
intensity ratios were normalized by taking the ratio of peak 3
to peak 1 in the normal incidence and glancing incidence
spectra of multilayer C,D,,. This ratio should be 1 if the
multilayer was randomly oriented. The measured orienta-
tion factor of 0.16 indicates considerable orientation. Initial-
ly the polarization variation of the multilayer spectrum was
considered to be the effect of a thin multilayer allowing the
highly oriented monolayer signal to shine through a less ori-
ented overlayer. This is consistent with the greater polariza-
tion dependence of the monolayer spectra than of the multi-
layer spectra of C,D,,. The orientation factor as defined
above is 0.08 for the monolayer. However this interpretation
is inconsistent with the observation that peak 1 in the multi-
layer spectrum is much sharper than its counterpart in the
monolayer spectrum. It appears that flexible, weakly inter-
acting molecules such as cyclohexane can reorient while
condensing much more easily than rigid, strongly adsorbed
molecules such as benzene, pyridine,* thiophene,*! cyclobu-
tane, or the unsaturated cyclic hydrocarbons, CsHg and
CsH; (see Figs. 6 and 7). From their spectra it appears that
all of these latter species form disordered multilayers with
little or no polarization dependence whereas cyclohexane
reorients during or after condensation and undergoes epitax-
ial growth. The increased mobility of cyclohexane under the
conditions used for multilayer formation can be attributed to
the fact that the temperature of the Pt(111) substrate during
condensation is much closer to T, of cyclohexane than to
T,,, of the other species studied.

The enhancement of peak 3 in the normal incidence
spectra of cyclohexane (Fig. 4) is characteristic of a o* reso-
nance in a molecule whose bond axis lies approximately par-
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alle] to the Pt(111) surface. The reduction of peak 1 in the
normal incidence spectra and enhancement of this feature in
the glancing incidence spectra is characteristic of a 7* reso-
nance in a molecule lying parallel to the surface. As dis-
cussed in the previous section, this observation supports our
assignment of this feature to a state of predominantly 7*
(CH,) character. The 7* (CH,) feature (#1) is consider-
ably broader in the monolayer spectrum than in the gas
phase or multilayer spectra. This indicates broadening of the
m* (CH,) level by hybridization into metal levels as pre-
viously observed and discussed for the 7* (C =C) level in
benzene.*

IV. CYCLIC ALKENES
A. Gas phase spectra

The gas phase ISEELS spectra of cyclopentene, cyclo-
hexene, and cyclooctatetraene are shown in Fig. 5. The spec-
tra of cyclopentene and cyclohexene were recorded at some-
what lower resolution (1.0 eV as opposed to 0.6 eV
FWHM). Absolute energies and assignments for cyclopen-
tene and cyclohexene are listed in Table III while those for
cyclooctatetraene are listed in Table V. The carbon K-shell
1.P. of each of these molecules is estimated to be 290.4 eV in
the gas phase from comparison to other hydrocarbons.

In all three spectra an intense peak corresponding to
1s—m* (C—C) transitions is observed around 285 eV. The

Intensity (arb. units)

Energy (eV)

FIG. 5. The carbon K-shell ISEEL spectra of gaseous cyclopentene, cyclo-
hexene, and cyclooctatetraene recorded by electron energy loss of 2.8 keV
electrons. The spectra of cyclopentene and cyclohexene were recorded with
1.0 eV FWHM resolution while that of cyclooctatetracne was obtained with
0.6 eV FWHM resolution.
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TABLE III Absolute energies and proposed assignments of features ob-
served in the carbon K-shell spectra of gaseous cyclopentene and cyclohex-
ene.

CsHy CeH,o
Assignment e
Feature Energy T Energy T final orbital
1 285.0° 5.4 285.3° 5.1 7 (C=C) o
2 287.6 2.8 2817 2.7 #* (CH,)
LP. 290.4° 290.4°
3 290.6 —-0.2 292.0 — 1.6 o* (C-C)
4 295.6 —5.2 298.5 —-8.1 o* (C=0) 3k

2This feature is located 2.38(4) eV below the 7* transition in CO (Ref. 13).
®This feature is located 2.12(9) eV below the 7* transition in CO (Ref. 13).
°Estimated from the I.P.’s of similar hydrocarbons (Ref. 26).

intensity of this peak relative to the continuum varies consid-
erably. It is most intense in C;Hg and weakest in C4H 4 as
expected since CgH, contains a greater number of carbon—
carbon double bonds. The term values of feature 2 in the gas
phase spectra of CsHg and C¢H,, are similar to that of fea-
ture 1 in the gas phase spectra of the cycloalkanes. Thus
these features are assigned to a state of predominantly 7*
(CH,) character associated with the saturated regions in
these molecules. Feature 3 in cyclopentene and cyclohexene
and feature 4 in CgHy are assigned to transitions to the
o*(C-C) state. The positions of these features correlate with
the C-C single bond length within the empirical relationship
described previously.? The intensity of the o*(C-C) shape
resonance relative to the #* feature (#1) is highest in
C4H,,, consistent with this molecule containing the greatest
number of carbon-carbon single bonds. Feature 4 in CsH,
and C¢H,, and feature 5 in CgHg are assigned to a o* state
associated with the shorter carbon—carbon double bonds.
The variation in the intensity of this feature through this
series of molecules is consistent with the o* (C=C) assign-
ment since this feature is most intense in CgHg, the molecule
with the greatest number of double bonds. Additional
o*(C-C) states corresponding to the weak continuum fea-
tures observed at higher energy in the cycloalkane spectra
probably also contribute in the region of the o*(C=C) re-
sonances of cyclopentene and cyclohexene.

In addition to variations in the relative intensities of the
0*(C-C) and o*(C=C) continuum features, the discrete
region of the gas phase spectrum of CgHy differs consider-
ably from that of C;Hg or C;H,,. Cyclooctatetraene is a non-
aromatic, unsaturated cyclic system whose most stable con-
formation is a tub structure with D,, symmetry. It has three
m* antibonding orbitals (3a,, 8¢, and 4b,) to which promo-
tion of C ls electrons may occur. The orbital ordering is
thought to be 3a,, 8¢, and 4b,** with a 1 to 2 eV separation
between the 3a, and 8¢ levels and again between the 8¢ and
4b, levels. Thus features 1, 2, and 3 are assigned to transi-
tions to the 3a,, 8¢, and 4b, 7* orbitals, respectively.

B. Solid and monolayer spectra of CgHy and CaH,

The NEXAFS spectra of solid and monolayer CsH; and
CgHj; are shown in Figs. 6 and 7. The energies and peak

Hitchcock et al. : K -shell excitation of hydrocarbons
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FIG. 6. The carbon K-shell ISEEL spectrum of gaseous cyclopentene. (b)
The carbon K-shell normal incidence NEXAFS spectrum of solid (multi-
layer) cyclopentene condensed at 100 K. (c¢) The glancing incidence
NEXAFS spectrum of solid (multilayer) cyclopentene condensed at 100
K. (d) The normal incidence NEXAFS spectrum of a monolayer of cyclo-
pentene on Pt(111) produced by heating the sample to 170 K. (e) The
glancing incidence NEXAFS spectrum of a monolayer of cyclopentene on
Pt(111) (heated to 170 K). The spectra shown have had a background
subtracted.

assignments are listed in Tables IV and V. As with cyclobu-
tane (Fig. 3), cyclohexane (Fig. 4), benzene, and pyridine,*
and thiophene,*' the condensed phase and gas phase spectra
are generally similar indicating that the features are predom-
inantly intramolecular.

The resonances in the spectrum of multilayer cyclopen-
tene show a much lesser degree of polarization dependence
than those of cyclohexane. Analysis of the relative peak in-
tensities yields an orientation factor (as defined in Sec.
III D) of 1.2 indicating that the cyclopentene multilayer is
essentially randomly oriented. By contrast the spectra of
monolayer CsH, is highly polarized, with the normal inci-
dence spectrum showing essentially only the o*(C-C) and
o*(C=C) features (3, #4). Strong o* and weak 7* re-
sonances at normal incidence are consistent with an oriented
chemisorbed geometry with the double bond parallel to the
metal surface. The glancing incidence monolayer spectrum
shows enhancement of both features 1 and 2 and weaker o*
intensity, consistent with the spectral assignments and the
proposed surface geometry. An alternate interpretation of
feature 2 is as a transition to a o* (C-Pt) level, similar to that
identified in di-o bonded ethylene on Pt(111)'*** and also
similar to our suggested assignment of feature 2 in the mono-
layer spectrum of cyclooctatetraene (see below). Avery*’
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FIG. 7. (a) The carbon K-shell ISEEL spectrum of gaseous cyclooctatetra-
traene. (b) The carbon K-carbon normal incidence NEXAFS spectrum of
solid (multilayer) cyclooctatetraene condensed at 100 K. (¢) The glancing
incidence NEXAFS spectrum of solid (multilayer) cyclooctatetraene. (d)
The normal incidence NEAFS spectrum of solid (multilayer) cyclooctate-
traene on Pt(111) produced by heating the multilayer sample to 210 K. (e)
The glancing incidence NEXAFS spectrum of a monolayer of cyclooctate-
tratraene on Pt(111) (heated to 210 K). The spectra shown have had a
background subtracted.

has used vibrational energy loss spectra to deduce an 7*(di-
o) rather than a 7 donor-acceptor bonding character for c-
CsHj adsorbed on Pt(111) below 250 K, in agreement with
the latter interpretation. The remaining o* intensity in the
glancing incidence spectrum indicates that the molecule
does not lie completely flat on the surface, consistent either
with cyclopentene retaining its open envelope structure on
the surface or with a tilted geometry, as Avery*’ suggests.

TABLE IV. Absolute energies and proposed assignments of features ob-
served in the carbon K-shell spectra of gas, muitilayer, and monolayer
cyclopentene on Pt(111).

Multilayer Monolayer
Gas 90° 20° 90° 20°  Assignment
Feature 4+ 0.1eV + 0.5eV +0.5eV final orbital
1 285.0 285.2 285.2 284.6 #* (C=C)
2 287.6 2884  288.3 287.0 = (CH,)

LP. 2904°
3 290.6 290.8 290.8 2906  290.8 o* (C-C)
4 295.6 296.0 2958 2950 2963 o* (C=C)

# Estimated from the I.P.’s of similar hydrocarbons (Ref. 26).

TABLE V. Absolute energies and proposed assignments of features ob-
served in the carbon K-shell spectra of gas, multilayer, and monolayer
cyclooctatetraene on Pt(111).

Multilayer Monolayer
Gas 90° 20° 9%0° 20°  Assignment

Feature 4 0.1eV +0.5eV +0.5eV final orbital

1 284.8° 2849  284.6 2847 2850 #* (3a,)

2 287.3 287.2 2870 286.9° 7* (8e)

3 289.3 2889 2884 n* (4b;)

LP. 290.3°
4 291.8 2919  291.8 2928 2928 ¢* (C-C)
5 296.9 297.0  296.5 297.5 o* (C=0C)

2 This feature is located 2.60(9) eV below the 77* transition in CO (Ref. 13).

® Estimated from the I.P.’s of similar hydrocarbons (Ref. 26).

° In the monolayer contributions from a o* (C-Pt) state dominate. See the
text for further details.

The NEXAFS spectra of multilayer CgHj (Fig. 7) show
distinct differences from the gas phase spectrum in the re-
gion of the C 1s— 7* transitions. Whereas feature 3 is weaker
than feature 2 in the gas phase spectrum it has greater inten-
sity in the normal incidence multilayer spectrum. Changes
in relative intensities of the 77* levels on condensation may be
an indication of intermolecular or molecule-surface interac-
tions. The presence of features 2 and 3 in the multilayer spec-
tra of CgHj indicates that they are not Rydberg transitions
and supports their proposed assignment to 7* transitions.

Features 4 and 5 dominate the normal incidence mono-
layer spectrum and are associated with the o*(C-C) and
o*(C=C) shape resonances. The relative intensities of fea-
tures 1 and 2 in the monolayer spectrum differ considerably
from those in the corresponding region of the multilayer or
gas phase spectrum. Analysis of the polarization dependence
of peak 1** shows that the 77* orbitals giving rise to this fea-
ture are tilted at 45 + 3° with respect to the surface normal
indicating a symmetric chemisorption geometry in the tub
conformation with bonding to the Pt surface at carbons 1, 2,
5, and 6. This places all of the 7* orbitals at the same angle
relative to the surface so that in the unperturbed molecule all
of the 7* states will have the same polarization dependence.
This clearly indicates that peak 2 in the glancing incidence
monolayer spectrum is not exclusively 7* (C=C) in origin.
It is suggested that this state is associated with transitions to
a metal-carbon o* level involving rehybridization towards
sp* of the carbon atoms bound to the surface. The position of
feature 2 (287.0 eV) is similar to that of the metal-carbon
antibonding sigma level in ethylene on Pt(111) as observed
by NEXAFS* and supported by MS-Xa calculations.'®

V. RELATIONSHIP BETWEEN o* RESONANCE
POSITION AND BOND LENGTHS

Recently a linear correlation between the position of o
shape resonances and bond lengths has been documented.?
For carbon—carbon bond lengths this relationship was deter-
mined empirically from the inner-shell excitation spectra of
primarily rnoncyclic hydrocarbons. In general this linear re-
lationship exists among inner-shell excitation resonances of
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molecules in groups where Z, the sum of the atomic numbers
of the core-excited atom and its nearest neighbor, are the
same. The linear correlation holds best for simple diatomic
or pseudodiatomic molecules. Table VI summarizes the
shape resonance positions and bond lengths for the mole-
cules examined in this paper. For cyclopropane the position
of feature 3 gives best agreement with the previous correla-
tion. However, as with all the other cycloalkanes, the
o*(C-C) resonance intensity is distributed over several
spectral features whereas there is only a single C-C bond
length for each molecule. In order to account for this it is
appropriate to compare a weighted average of the o* (C-C)
states to the correlation predictions.? An estimated back-
ground has been subtracted from each spectrum in order to
isolate the o* features (as shown in Fig. 8) and the intensity
weighted average positions have been computed. These are
listed in Table V1. In general there is somewhat better agree-
ment between the position predicted from the bond length
and the previous correlation line? with the intensity weight-
ed average position than with the position of the most intense
o*(C—C) resonance.

To illustrate the agreement between the present results
and the previously derived relationship,” the position of the
most intense resonance has been plotted against bond length
for each of the species studied in this work (Fig. 9). The solid
straight line is a least squares fit to all of the (Z = 12) bond
length/resonance data available to date (see Refs. 2, 4, and
34 for tabulations of other data used to derive the correlation
line) whereas the dashed line is the correlation based on
earlier data.? The updated correlation parameters in the lin-
ear relation

8§=m~—nR
are n = — 0.468 eV/pm, m = 72.5 ¢V with a correlation
coefficient of — 0.94. For carbon—carbon single bonds the
agreement between the predicted and observed resonance
positions is generally very good for all of the cycloalkanes
except cyclopropane. In particular the resonance position
increases with decreasing bond length from C,H; to C;H,,.

Hitchcock et a/. : K -shell excitation of hydrocarbons

Enargy relativae to IP (aV)
0 10

20
Illlrllrl'l—f|||ll
Ck
o* Rasonancas
o':rcd
o
|
o ]
I
o- O
I
O R TR
290 310 320

Energy (V)

FIG. 8. The carbon 1s spectra of the cycloalkanes in the regions of the o*
resonances after subtraction of an estimated background corresponding to
the nonresonant C 1s continuum. The lines indicate the o* resonance posi-
tions predicted by the Z = 12 bond length correlation line.

According to the correlation the shorter C-C bond length of
cyclopropane should result in a shift of the o*(C—C) reso-
nance to higher energy. However the most intense a; reso-
nance is about 4 eV below the predicted position (see Fig. 8).
The intensity weighted average position for cyclopropane is
in reasonable agreement with the correlation. The break-

TABLE VL. Sigma shape resonance position relative to the I.P. of gas phase cyclic hydrocarbons: C;H,, C Hg,

CsHg, CsH g, CeH ,p, C6H 2, and CgH.

8 (eV)®
Bond lengths (pm)*® Pred. QObs. Average
Molecule LPc cC Cc=C CC C=C CLC C=C Pred® Obs®
C,H, 290.6 151.1(3) 2.5 26 2.5 3.1
C,H, 290.5 155.6(3) 0.0 —-06 0.0 3.0
C,H,, 290.4 154.6(2) 0.6 0.1 0.6 2.4
CH,, 290.3 153.5(2) 1.1 .6 - 1.1 43
C,H, 290.3 152.9(2) 135(2) 1.5 11.2 03 53 34 5.2
«H 10 290.3 152. (2) 134(2) 2.0 1.8 1.7 82 36 6.2
CgHy 290.3 147.6(3) 134(2) 4.4 11.8 1.5 6.6 8.1 7.3

* From microwave or electron diffraction (Ref. 27). The double bond lengths of the alkenes are estimated.
*§ = E — L.P. The predicted values were derived using the least squares correlation parameters for Z = 12
given previously (Ref. 2): § = m — n*R where m = 84.73 and n = 0.545 ¢V pm ™.

¢Measured by XPS (Ref. 26) or estimated from the I.P.’s of similar species.

9The predicted position for the cycloalkenes is a number weighted average of the C—C and C—Cbond lengths.
*This entry is the intensity weighted average of all o* intensity after background subtraction (see Fig. 8).
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FIG. 9. The position of gas phase o shape resonances relative to the C K-
shell LP. vs carbon—carbon bond distance for a range of organic com-
pounds. The solid line is a linear least squares fit to all carbon K-shell reso-
nance data available, while the dashed line is the (Z = 12) correlation line
reported previously (see the text for references).

down of the simple one-bond/one-resonance picture in cy-
clopropane (and to some extent in cyclobutane, where the
o* intensity is also widely dispersed) may be interpreted as
an effect of the strained geometry of the smallest carbocyclic
rings. This results in in-ring and out-of-ring o* orbitals
which make large angles with respect to the internuclear
C-C axis (cf. schemes 1 and 2).

The agreement between the best fit line and the position
of the higher energy o*(C=—=C) resonances is significantly
poorer for the cycloalkenes. This is also the trend observed in
our earlier work? indicating that the simple linear correla-
tion is less accurate in describing double than single bond o*
resonances. To some extent this may refiect the greater un-
certainty in determining the peak location for the broader
resonances at higher energy in the continuum. In addition
the present work and related studies of saturated heterocy-
clics*® and noncyclic alkanes® indicate that additional
o*(C-C) states associated with the saturated regions of the
alkenes will occur in the same region as the o* (C—=C) reso-
nance. This is probably why there is improved agreement
between the intensity weighted average of both the o* (C-C)
and o*(C=C) experimental features and the position pre-
dicted by the correlation based on the weighted average car-
bon carbon bond length (Table VI). The presence of o* re-
sonances attributed to both the saturated and unsaturated
regions of olefins suggests that mixing will occur. This raises
the question as to whether it is meaningful even to discuss
separate o*(C-C) and o*(C==C) states in these types of
molecules. Although mixing will occur, the dramatic
changes in the relative intensities of the C~C and C—C reso-
nance regions which are consistent with the changes in mo-
lecular structure (Fig. 5) is direct evidence that it is mean-
ingful to divide the o* intensity into regions predominantly
associated with either the single or double bonds.

The present results suggest that ring strain plays a role
in determining the observed continuum resonance structure.
In particular, among the cycloalkanes the higher energy o*

state is observed more strongly in the smaller rings (see Fig.
1). This trend was also noted in studies of heterocyclics®
and noncyclic alkanes.>> The present results indicate that
although the empirical relationship can give reasonable, and
in some cases quite accurate estimates of bond length, there
are factors other than bond length which influence the ap-
pearance of the core ionization continuum and the position
of o* continuum resonances.

In order to directly measure the relationship between o*
resonance position and bond length for condensed phases
the reference level, the ionization threshold relative to E,
must be known. Unfortunately condensed phase I.P.s are
only available for cyclobutane and cyclohexane.’” We do
note that the o* resonance positions of all of the molecules
are the same within a few eV in the condensed and gas phase
spectra (see Tables I1, IV, and V) which suggests that the
structures of the molecules in the surface and solid phases
studied are similar to their gas phase structures.

V1. CONCLUSIONS

The C l1s spectra of gas phase C;H,, C;H,, and CsH,q;
the C 1sspectra of gas and solid C,Hg; and the C 1s spectra of
gas, solid, and monolayer C;Hg, C;H,,, and C;H, have been
recorded at moderate resolution and all features assigned.
To our knowledge the spectra of these molecules have not
been recorded previously. The spectra are dominated by 7*
and o* intramolecular shape resonances. Except for cyclo-
propane the correlation between bond length and the posi-
tion of the main o* shape resonance is in reasonable agree-
ment with that reported earlier.? The polarization
dependence of the monolayer spectra and the absence of
shifts in the continuum resonance positions provided infor-
mation about the chemisorption geometry and orientation.
Based on the deduced orientations the observed polarization
dependence is consistent with our assignments for all fea-
tures.
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