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The electron energy loss spectra of gaseous thiophene and thiolane in the regions of S 2p, S 2s,
and C 1s are presented along with the x-ray photoelectron yield (NEXAFS) spectra of both
gases in the region of S 1s excitation. The thiophene spectra are compared to the corresponding
NEXAFS spectra of solid (multilayer) and monolayer thiophene on Pt (111). MS-Xa
calculations of the C 15, S 2p, and S 1s excitation spectra of free thiophene are also reported.
Intercomparison of the gas, surface, and calculated spectra allows a complete interpretation of
the spectral features and facilitates determination of the molecular orientation of thiophene
with respect to the surface in both the compressed [thiophene on Pt (111) at 150 K] and
relaxed [thiophene on Pt (111) at 180 K] monolayer phases.

I. INTRODUCTION

Over the last few years inner shell excitation spectrosco-
pies have proven to be useful for elucidating the unoccupied
electronic structure of free and chemisorbed molecules. The
combination of inner shell electron energy loss spectra
(ISEELS)' of the gas, near edge x-ray absorption fine struc-
ture (NEXAFS) spectra” of the solid and oriented (mono-
layer) phases, and MS-Xa calculations is proving to be par-
ticularly powerful for both spectral assignment and surface
structure determination as exemplified by recent work on
benzene and pyridine.® The polarization dependence of
NEXAFS spectra* can provide a simple and powerful means
of determining the orientation of a molecule with respect to
the substrate in oriented multilayer solids or chemisorbed
monolayers. In favorable cases, the position of o resonance
features can be used to measure intramolecular bond lengths
to chemically significant accuracy.’

The majority of inner shell excitation features of free
molecules are one-electron promotions of core electrons to
either Rydberg or unoccupied molecular orbitals. The large,
diffuse Rydberg orbitals tend to collapse into the band struc-
ture of the solid upon chemisorption or solidification. Thus
Rydberg orbitals can be identified readily by comparing gas
and condensed phase spectra. The molecular orbitals can be
classified as either 7* or o* according to their symmetry
with respect to a particular bond axis or plane. When the
orientation of a molecule is fixed, as in chemisorption or in
an oriented multilayer, the symmetry of the state giving rise
to a particular spectral feature can be identified from the
polarization dependence of its spectral intensity.* Group
theory provides the techniques to predict the polarization
dependence for a given final state symmetry.

Recently, studies have been performed on inner shell
excitation in noncyclic® and cyclic aliphatic hydrocarbons,’
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cyclic aromatics,® and nitrogen and oxygen heterocyclic
compounds.® We have studied thiophene (thiofuran,
C,H,S) and thiolane (thiacyclopentane, C,H¢S) in order to
extend our understanding of inner shell excitation phenome-
na in different environments and to investigate the utility of
the sulfur and carbon inner shell spectra for determinating
the electronic structure and carbon-sulfur bond lengths.
This paper reports the C 1s, S 2p, and S 2s ISEELS and S 1s
NEXAFS spectra of gaseous thiophene and thiolane along
with the C 1s and S 2p NEXAFS of a multilayer solid and
two monolayer phases of thiophene on a Pt (111) surface.
MS-Xa calculations of the C 1s, S 1s, and S 2p spectra of
thiophene are also reported. Except for a very recent paper
by Perera and LaVilla® reporting the S 1s photoabsorption
spectrum of thiophene gas, the gas phase spectra have not
been reported previously. The C 1s NEXAFS spectra of the
two monolayer thiophene/Pt (111) phases have been re-
ported earlier'® and used, along with thermal desorption, x-
ray photoemission, and vibrational electron energy loss
data, to determine the structure, orientation, and chemical
transformations of the surface adsorbed species as a func-
tion of temperature. The focus of this work is to obtain a
full understanding of inner shell excitation in thiophene
through comparisons of gas, solid, and monolayer thiophene
spectra, comparison to thiolane, and with the assistance of
the MS-Xa results.

1. EXPERIMENTAL

The experimental apparatus and techniques used to ac-
quire the ISEELS spectra have been described in detail else-
where.® Thiophene and thiolane (Aldrich, 99 + %) were
thoroughly degassed prior to use. The absolute energy scales
of the C ls spectra were determined by calibrating with re-
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spect to the 1s—7r* transition in CO, (290.7 eV''). The S 2p
and S 2s spectra were calibrated with respect to the first
feature of the C 1s spectrum.

The S 2p and C 1s NEXAFS spectra were acquired using
the grasshopper monochromator on beam line I-1 at the
Stanford Synchrotron Radiation Laboratory. The S 1s
NEXAFS spectra of gaseous thiophene and thiolane were
obtained with a double crystal monochromator [Si (111)
crystals] on the YUV ring at the Brookhaven National
Synchrotron Light Source. The procedure used to collect
NEXAFS spectra in the partial electron yield mode 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 vacuum. Sulfur
was removed by argon ion sputtering. Solid thiophene was
prepared by dosing the Pt(111) crystal, kept at 100 K with
1 10~ 7 Torr for 60's (6 L). Two distinct monolayer phases
were obtained by annealing this sample first to 150 and then
to 180 K. The NEXAFS spectra of both phases were record-
ed with the crystal at 100 K. Based on an earlier analysis of
the NEXAFS results,'® the 150 K phase is believed to be a
compressed monolayer with the thiophene rings oriented 40°
with respect to the surface while the 180 K phase is a relaxed
monolayer with the rings flat on the surface. Dramatic
changes in the spectra were observed upon further heating
above room temperature. The interpretation of these results
in terms of changes in the chemisorption geometry and clea-
vage of the carbon—sulfur bond has been reported previous-
ly. 10

ill. MULTIPLE SCATTERING CALCULATIONS OF
THIOPHENE

X-ray absorption cross sections were calculated by the
multiple scattering Xa method following the approach of
Dehmer and Dill,'? as in our previous calculations on ben-
zene.’ The potential for thiophene was obtained by a MS-Xa
self-consistent calculation. The geometry used was that ob-
tained by Bak et a/.'® by microwave spectroscopy. The effect
of the core hole was taken into account by broken-symmetry
transition state calculations with half an electron in the ap-
propriate core orbital. Three sets of transition state calcula-
tions were performed, corresponding to 1s excitation of the
two nonequivalent carbon atoms and of the sulfur atom. S 2p
excitation was also calculated. Although this gave useful in-
sight into spectral assignments, full details of the sulfur 2p
edge absorption cross sections are not reported since the cal-
culations were not able to take into account the spin-orbit
splitting of the S 2p core hole. The muffin-tin sphere radii on
the carbon atoms were chosen so that adjacent carbon
spheres overlapped by 20%. The sulfur sphere radius was
then adjusted to give 20% overlap with the two adjacent
carbon spheres. Oscillator strengths for the bound state tran-
sitions were calculated by the method of Noodleman'* using
the appropriate core-hole transition state potential. The os-
cillator strengths were then converted to absorption cross
sections following the method of Dehmer and Dill'? using
the relationship

where f is the oscillator strength, » is the principal quantum
number, and o (E) is the peak height. The bound state reson-
ances were represented by a Lorentzian line shape with a
height of o(E) and a width [ (dn/dE) ~'] of 1 eV for carbon
1sand 1.5 eV for sulfur 1sfeatures. These values were chosen
to be close to the observed peak widths in the corresponding
gas phase spectra, thus accounting for natural lifetime and
vibrational broadening effects. Absorption cross sections for
transitions to the continuum states were calculated using the
program of Davenport.'* For the continuum state calcula-
tions partial waves up to / = 6 were included for the outer
sphere and up to /=2 for the carbon and sulfur atoms.
There was no significant difference in the results when the
outer sphere was restricted to partial waves up toonly / = 5.
The calculated continuum cross sections were convoluted
with a Lorentzian of 3 eV width, as in the benzene calcula-
tions,> to match the observed resonance width which presu-
mably is related to molecular vibrations and the natural
width associated with the short lifetime of the resonance
states. The cross sections listed in Table III are per carbon s
site and the calculated C 1s spectrum shown in Fig. 3 is the
average of the calculated cross sections for the nonequiva-
lent carbon atoms.

IV. RESULTS AND DISCUSSION
A. Thiophene
1. Electronic Structure

In C,, symmetry, with the molecule in the yz plane, the
core levels of thiophene are: 1a, (S 1s), [2a,,18,] (C;4 1s);
[3a,, 2b,] (C,5 1s); 4a,(S 2s5), and [5a,,16,,3b,] (S 2p).
The four lowest energy unoccupied valence orbitals are 7*
(4b)), 0*(C-S) (8h,), m*(2a,), and 0*(12a,). There are
seven other unoccupied * valence levels in a minimal basis
set description and transitions to some of these give rise to
continuum features. However the majority of the features
observed in the core spectra can be described in terms of one-
electron transitions between the core and the three lowest
energy 4b,, 8b,, and 2a, unoccupied orbitals. The ordering of
these three levels is predicted to be 44, < 8b, < 2a, by ab ini-
tio calculations!® which also give the symmetries and energy
orderings of the 13 occupied valence orbitals.'®'” The sym-
metries of the states arising from core excitation to these
three levels and the polarization of electric dipole transitions
to these states are summarized in Table 1.

The C 1s, S 2p, S 2s, and S 1s spectra of gaseous thio-
phene are presented in Fig. 1. Each spectrum is plotted on
the same energy width and the spectra are positioned to align
the C 1s, S 2p;,, S 25, and S 1s ionization potentials (L.P.’s).
The solid bars before the hatched lines indicate the locations
of the C 1s and S 2p 1.P.’s as measured by XPS.'® The S 2s
and S 1s ionization potentials for gaseous thiophene have not
been reported to our knowledge. Our estimates of these are
indicated in Fig. 1 by the dashed lines before the hatched
areas. The S 2s LP. of solid thiophene is 228.6 eV.'° The S
2p,,, LP.is 5.3 eV higher in the gas than in the solid while the
gas—solid shift of the C 1s I.P. is 5.9 eV. Thus the S 25 I.P. of
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TABLE I. Symmetry® and polarization of inner shell excited states in thio-
phene.

Excited state
Virtual valence
level m*(4b,) *(2a,) o*(C-S)(8b,)
Core hole sym. pol.® sym. pol. sym. pol.
Cls a, B, out A, F¢ B, in
b, A, F*© B, out A, in
S2s a, B, in A, F B, in
Sls a, B, in A, F B, in
S2p a, B, out A, F B, in
b, A, in B, in A, F
b, 4, F B, out A, in

*The molecule is in the yz plane.

® Transitions from the 4, ground state to 4, and B, excited states are polar-
ized in-plane and have maximum intensity when light is incident perpen-
dicular to the plane of the ring (normal, 90°). Transitions to B, states are
polarized out-of-plane and have maximum intensity when light is incident
in the plane of the ring (glancing, 20°). Electric—dipole transitions to 4,
states are forbidden (F).

°The C,, symmetry of thiophene is broken in C 1s excitation assuming a
localized C 1s hole so this selection rule may not be a rigid limitation.

gaseous thiophene is estimated to be 234.2(3) eV, 5.6(3) eV
higher in the gas than in the solid. A S 1sI.P. of 2478.4(5) eV
was estimated by assuming that the term value of the first
feature is 5.0(5) eV, similar to those of 4.8(1) eVinthe S 2p
and 5.3(4) eV in the S 2s spectra. This estimate for the S 1s
LP. of thiophene is 0.8 eV higher than that estimated by
Perera and LaVilla® from sulfur K fluorescence and photo-
electron spectroscopy. The measured or estimated IL.P.’s
have been used to calculate term values for all of the spectral
features. Term values (7' = L.P. — E) guide spectral assign-
ments, particularly of the Rydberg transitions, since these
have characteristic values depending on their symmetry.°

2. Carbon 1s spectra

The C 1s ISEELS spectrum of gaseous thiophene is
compared to the C 1s NEXAFS spectra of the solid and two
monolayer phases in Fig, 2. For each monolayer phase, spec-
tra were recorded with the photon beam incident at 20° and
90° to the surface. The grazing incidence spectrum of the
solid [multilayer on Pt(111)] (not shown) was essentially
identical to the normal incidence spectrum. The energies
and proposed assignments of the observed features are pre-
sented in Table IL

The first point to note is the great similarity of the solid
and gas phase spectra. In addition, although the intensities
vary in the spectra of the oriented monolayers because of
polarization effects, the observed features occur at essential-
ly the same energies as the features in the solid and gas phase
spectra. This indicates that intramolecular transitions to a
common set of final orbitals dominate the inner shell spec-
troscopy of thiophene in all phases. One difference between
the monolayer and gas or solid phase spectra is that the onset
of each of the monolayer C 1s spectra occurs around 283 eV,
about 1.5 eV below the onset of the multilayer and gas phase
spectra. The additional intensity on the low energy side of
feature 1 in the monolayer spectra (shaded in Fig. 2) is attri-

st- Thiophene gas

Background Subtracted Intensity (arb. units)

Energy (eV)

FIG. 1. The C s, S 2p, and S 2s spectra of thiophene recorded by ISEELS
with 2.5 keV final electron energy and the S 1s NEXAFS spectrum of gase-
ous thiophene. The hatched lines indicate the locations of the ionization
thresholds obtained from XPS for C 1sand S 2p and estimated as indicated
in the text for S 25 and S 1s. All spectra have had a curved background
subtracted. This background was visually estimated from the signal before
the onset of core excitation features.

buted to transitions to unoccupied metal-molecule bands
such that the 283 eV onset represents the Fermi level of the
thiophene covered Pt(111) surface. In addition to the
lowered threshold, the resonances below 290 eV are broad-
ened considerably in the 180 K monolayer spectra. This is
attributed to interactions between the molecular and the
metal levels. These two aspects are the major modifications
of the thiophene electronic structure by chemisorption
bonding to the metal surface which are detectible in the C 1s
spectra of the monolayer phases.

As with the closely related aromatic heterocycles furan
and pyrrole,® four electric-dipole allowed C 1s—s7* transi-
tions are expected to contribute in the first several eV of the
thiophene C 1s spectrum. The C, 5 and C, , carbon 1s levels
of thiophene are estimated from XPS to be separated by 0.3
eV."® According to ab initio calculations'® the 4b, (7*) and
2a,(7*) orbital energies differ by 2.3 eV while valence elec-
tronic spectroscopy?’ indicates that the 3b,(7)—4b,(7*)
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TABLE II. Energies and proposed assignments of features in the carbon 1s spectrum of thiophene in the gas,
solid, compressed monolayer [150 K on Pt(111)], and relaxed monolayer [ 180 K on Pt(111) ] phases.

Gas Solid Monolayer
Assignment

E T* E 150K 180K final orbital
# +0.1eV eV +03evV  20° 90° 20° 90° C,s Cia
1 285.4° 49 285.7 285.6 285.5 285.7 285 m*(4b,) 7w*(4b))
2 287.1 32 287.3 287.3 287.2 287.5 o*(C-S) 7*(2a,)
3(sh) 288.0 23 (287.7) (288.3) (288.6) 3p
4(sh) 289.3 1.0 289.2 (289.9) 4p
LP. 290.3° 285.0°
5 290.4 —-0.1 290.4 291.1 290.5
6 292.6 —-23 293.0 292.3 292.3 292.3 o*(C-C)
7 294.9 —4.6 296.2 295.5 296.1 295.3(2) 295.7 o*(C-C)
8 299(1) -9 301(¢1)  303(1) 302(1) 303(1) 302(1) shakeup
*T=IP.—E

®Calibrated to be 5.34 eV lower than the C ls—#™ transition in CO, at 290.7 eV (Refs. 11 and 26).
© Average value. The 1.P.’s of the two types of C 1slevels are 290.2(2) (C, , ) and 290.5(2) €V (C, ;) from XPS

(Ref. 18).

9From XPS (Ref. 19). This value is relative to the Fermi energy of the Au substrate of the XPS spectrometer
and the position relative to the Pt(111) substrate used in this work will differ. The onset at 284.2 eV which
appears as a shoulder on the first peak of the C 1s NEXAFS of solid thiophene (Fig. 2) likely indicates the
correct location of the ionization threshold relative to the Pt(111) fermi level.

and 3b, (7)—2a,(m*) transitions of thiophene are separated
by about 1.5 eV. In furan all four of the C ls—* transitions
were resolved whereas only three could be distinguished by
pyrrole.® Since the C 1s splittings decrease as the electrone-
gativity decreases it should be even more difficult to distin-
guish all four features in thiophene. Based on the estimated
separations quoted above the 7*(4b,)—7*(2a,) but not the
C, 5—C, 4 splitting should be resolvable with our experimen-
tal resolution (approximately 0.6 eV in ISEELS and 1.0 eV
in NEXAFS).

The lowest energy C ls feature is assigned to C ls
(ay,b,)—>m*(4b,) transitions from both the C,; and C,,
core levels. All of these transitions are polarized in the plane
of the ring and thus will have maximum intensity with x rays
incident normal to the ring. From this assignment the orien-
tation of the thiophene molecules with respect to the surface
can be deduced from the polarization dependence of feature
1 in the spectra of the two monolayer phases. In both phases
the first peak is strongest at grazing incidence and weaker
(150 K) or absent (180 K) in the normal incidence mono-
layer spectra. This indicates that thiophene lies flat on the
Pt(111) surface at 180 K. The residual 7* intensity in the
normal incidence 150 K spectrum indicates that thiophene
does not lie flat on the surface at saturation coverage at this
temperature but instead packs more closely by sitting tilted
with respect to the surface. A detailed analysis of the polar-
ization dependence at 150 K shows that the plane of the ring
lies at 40° to the surface in this compressed monolayer
phase.'® Recently Sexton® has used vibrational energy loss
and thermal desorption spectroscopy to deduce that thio-
phene adopts both compressed, tilted and flat, m-bonded
phases when absorbed at low temperature on Cu(100).
These are similar geometries to those we deduce from NEX-
AFS for thiophene on Pt(111).

On the basis of its energy the second feature in the C 1s
spectrum suggests assignment to the C 1s—* (2a,) transi-

tion. However, the second spectral feature is most intense at
normal incidence in the monolayer spectra, a polarization
dependence opposite to that of the first peak. Thus the sec-
ond feature is attributed primarily to C 1s—o*(C-S) (8b,)
transitions. Previously the Z dependence of the correlation
between bond lengths and the energies of o* transitions rela-
tive to the LP.(§ = E — L.P. = — T) has indicated that
transitions to o* states shift to lower energy as the atomic
number of the bonded atoms increases.” Thus the o* (C-S)
feature is expected to lie below the L.P., consistent with our
assignment of feature 2 to transitions to this level.

In the 180 K relaxed monolayer phase both the 7*(4b,)
and o*(C-S)(8b,) transitions are appreciably broadened
because of bonding interactions with the surface. By con-
trast, the first few features in the 150 K monolayer spectra
are not much broader than their counterparts in the gas or
multilayer spectra. This suggests that there is very little in-
teraction between the metal surface and the 7* or o* (C-S)
levels, further supporting the proposed tilted geometry in
the 150 K phase.

Several weak features are observed between the g*(C-
S) transition and the I.P. in the gas phase spectrum. These
are not observed in the solid state spectrum which is consis-
tent with their assignment to 3p (#3) and 4p (#4) Ryd-
berg transitions as suggested by their term values.”®

The absolute C 1s photoabsorption cross section (on a
per carbon atom basis) calculated by MS-Xe is shown in
Fig. 3 in comparison to the gas phase spectrum. For this plot
the discrete and continuum transitions have been broadened
by 1and 3 eV Lorentzians, respectively. The calculated tran-
sition energies relative to the C,, L.P., and the calculated
peak cross sections are summarized in Table ITI. According
to the MS-Xa calculations there should be two peaks below
the LP. (Rydberg states were not calculated). The first peak
corresponds to overlapping C, ; and C, , 1s—m* (4b,) tran-
sitions, which are calculated to be separated by only 0.06 eV.

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, Horsley, and Stohr: Core excitation of thiophene and thiolane 4839

8 solid

Intensity (arb. uni ts)

monolayer o
on Pt(11D

PSP RIS |
300

(eV)

FIG. 2. The background subtracted C 1s spectra of thiophene in the gas
(ISEELS), solid, and monolayer (NEXAFS) phases. The NEXAFS spec-
tra were recorded with both 20° and 90° photon incidence on both the com-
pressed (150 K) and relaxed (180 K) monolayer phases. The hatched lines
indicate the location of the C 1sionization thresholds. The highlighted area
below 284 eV indicates signal observed in the monolayer but not the gas or
solid spectra.

T
Energy

The second peak is more complex. Most of the intensity
comes from two overlapping transitions: the C, 5 1s—o*(C-
S)(8b,) transition (for which there is no C;4 s counter-
part) and the C,;, ls—7*(2a,) transition. The C,;
1s—*(2a,) transition is very weak and lies 0.67 eV above
the corresponding C; , 1s—7*(2a,) transition. The total in-
tensity in the C 1s—7*(2a,) transition (summed over the
nonequivalent carbons) is much less than the total intensity
in the C 1s—* (4b,) transition, because of the different con-
tributions of the C, 5 excitations. The lower intensity of the
C;, 1s—m*(4b,) compared to the C, 5 ls—m*(4b,) transi-
tion reflects the spatial distribution of the 4b, orbital, which
is appreciably localized at the heteroatom end of the mole-
cule.?? A similar effect is seen in the relative intensities of the
*(4b,) resonances in furan and pyrrole® where the larger
C, ,—C, 5 splitting allowed the relative intensities of the tran-
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FIG. 3. Comparison of the calculated and experimental gas phase carbon 1s
spectra of thiophene. The calculated spectrum has been shifted so that the
ionization threshold matches experiment. States calculated below the I.P.
have been broadened by a 1 eV Lorentzian, those above the I.P. witha 3 eV
Lorentzian. The scale for the calculated cross section refers to the value per
carbon atom, averaged over the C, 5 and C; , sites.

sitions from each carbon site to the 7*(4b,) orbital to be
determined experimentally. In the carbon 1s spectrum of
furan two peaks of roughly equal intensity are observed in
the region where the C,s; ls—7*(2a,) and C,,ls
—m*(2a,) transitions are expected. The roughly equal in-
tensity of these two transitions in furan is consistent with
MO calculations which indicate a fairly uniform spatial dis-
tribution of the 7*(2a,) orbital on the four carbon atoms.??
The present MS-Xa calculations suggest that the 7*(2a,)
orbital of thiophene is much more localized on the C, , car-
bons than its counterpart in furan or pyrrole.

The two calculated peaks (Fig. 3) obviously correspond
tofeatures 1 and 2 in the experimental carbon 1s spectra. The
calculations therefore suggest that feature 2 arises from
overlapping C, 5 1s—0*(C-S)(8b,) and C;, 1s—7*(2a,)
transitions with approximately equal contributions. The ex-
perimentally determined separation of the 2a, and 4b, C
ls—* states is approximately 2.7 eV according to our as-
signments. This value is similar to the difference in the vir-
tual M.O. energies predicted by ab initio calculation's al-
though it is somewhat larger than the separation of 1.5 eV for
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TABLEIII. Relative energies and cross sections calculated by MS-Xa for C
1sand S 1s photoabsorption of thiophene.

Carbon 1s
Term Peak
values® cross section®
eV Mb Transition
+ 5.90 441 C,s ls—*(4b,)
+5.84 2.46 C,q ls—m*(4b))
+4.57 2.89 Cs, 1s—7*(2a,)
+4.50 2.66 C,s 1s—o*(C-8)(8b,)
+3.90 0.72 C,s ls—m*(2a,)
—2.25 o Cy, ls—o*(C-C)
—6.00 ot C4, Cy5s 1s—0*(C-C)
Sulfur 1s
+5.91 0.122 S 1s—m*(4b,)
+5.20 0.337 S ls—o*(C-S)(8b,)
—2.00 € S ls—o*(C-C)
—6.75 s S ls—o*(C-C)

*Energy relative to the C;, I.P. According to XPS the C;, and C,5 L.P.s

differ by only 0.3 eV (Ref. 18).
®Cross section per carbon atom for each transition. In Fig. 3 the average
cross section is plotted (i.e., half the sum of the C, s and C, , cross sections

listed in this table).

° Peak cross sections for the o* continuum states are not meaningful because
of the broadening imposed ( a 3 eV Lorentzian). The positions of the re-
sonances were taken from the unbroadened results.

the corresponding valence shell 7—* states of thiophene.?!
A similar increase from valence to core excitation in the sep-
aration of the transitions to the 7* levels was observed in
furan and pyrrole.®

Above 290 eV the C 1s spectra of all phases show a broad
maximum around 296 eV with several shoulders. These fea-
tures are strongest in the normal incidence monolayer spec-
trum indicating that they arise from in-plane transitions to
final states of o symmetry. The MS-Xa calculations (Fig. 3,
Table III) show two continuum resonances, a weak one at
2.25 eV above the L.P. with a C,, component only, and a
strong resonance at 6.0 eV above the I.P. with components
from both C;, and C, excitation. The strong resonance
evidently corresponds to the 296 eV feature observed most
clearly in the gas phase and normal incidence monolayer
spectra (feature 7). There is also a weak feature (#£6) at 2.3
eV above the L.P. in the gas phase and monolayer spectra
which the calculations suggest should be assigned to a o*
resonance. There are no calculated resonances in the region
6-20 eV above the I.P. The weak, broad feature (#8) ob-
served at 9 eV above the LP. in the gas phase spectrum is
apparently not a o* resonance according to the calculations.
In addition, this feature appears to shift about 4 or 5 eV to
higher energy in the monolayer spectra, while the other con-
tinuum features do not shift between phases. Finally, the
intensity of feature 8 relative to feature 7 is greater in the
glancing than in the normal incidence monolayer spectra,
which is inconsistent with a o symmetry final state. Feature
8 may correspond to a double excitation of 77 symmetry or a
shakeup continuum. Neither of these types of processes
would be reproduced in the one-electron MS-Xa calcula-
tions. Alternatively it could be a one-electron transition
which is not reproduced in the calculations.

Hitchcock, Horsley, and Stéhr: Core excitation of thiophene and thiotane

The previously reported correlation between bond
length and o resonance position® predicts that only two fea-
tures should be observed at 7.2 and 10.1 eV above the LP.,
corresponding to the two C-C bond lengths of 142.3 and
137.0 pm,?* respectively. However the o*(C-C) levels are
delocalized around the ring and thus a 1:1 correlation
between the observed resonances and a particular bond is
probably unrealistic. Rather we expect that the intensity
weighted average position of the continuum resonances will
agree with the position predicted from the correlation based
on the average C—C bond length in thiophene (139 pm). The
center of the o* (C-C) resonance intensity can be estimated
most easily from the normal incidence 180 K monolayer
spectrum. The position of 296 eV observed in this spectrum
is somewhat lower than the position of 298 eV predicted
from the average bond length of 139 pm. The present results
are consistent with other recent work®® which suggests that
the simple correlation® has to be modified to average over
several observed continuum resonances in those cases where
the o* states are delocalized over several bonds. This appears
to be particularly important in molecules such as cyclic aro-
matics. The delocalized nature of the o* states in aromatic
species means that the position of any single observed reso-
nance does not correlate with a particular bond length. The
complication to the bond length correlation caused by split
o* resonances appears to be less severe in thiophene than in
furan or pyrrole.® This can be attributed to the fact that the
o*(C-S) level is at much lower energy and thus does not
interact appreciably with the o*(C-C) levels whereas the
o*(C-0) and o*(C-N) levels in furan and pyrrole are at a
similar energy to the o*(C-C) levels and thus mix strongly
with them.

It is clear that a correlation between continuum reso-
nance position and molecular structure exists even in cases
where the o* intensity is distributed over several delocalized
states. This can be noted in the present work both in the
reasonable agreement of the mean resonance position with
the predicted position based on average bond length and also
in terms of the more rapid decrease in the C 1s continuum
intensity of thiolane compared to that of thiophene (see Fig.
8). The additional intensity at high energy in the thiophene
C 1s continuum is associated with o* (C-C) levels which
reflect the shorter C—C bond length of the unsaturated spe-
cies.

3. Sulfur 2s and 1s spectra

The S 25 ISEELS and S 1s NEXAFS spectra of gaseous
thiophene are shown in Fig. 1 while the energies and assign-
ments of the observed features are listed in Table IV. The S 1s
spectrum of thiophene has been reported very recently, in
addition to the sulfur K fluorescence spectrum and MO cal-
culations.® The energies and proposed assignments from this
work are also listed in Table IV for ease of comparison. Qur S
1s spectrum is in excellent agreement with that of Perera and
LaVilla.® All features occur at the same energy within the
measurement uncertainties and with similar relative intensi-
ties. However our interpretation of the S 1s spectral features
differs significantly, as discussed below.

The S 1s and S 2s spectra are remarkably similar, as
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TABLE IV. Energies and proposed assignments for features observed in the S 2s and S 15 spectra of gaseous

thiophene.
S 25 (ISEELS)
E T Assignment

# +0.3eV +0.5eV (final orbital)

1 2289 53 T*(4b,),0* (C-S)(8b,)

2 2313 29 4p

LP. 234.2(3)*

3 237(1) -3 o*(C-C)

S 1s (NEXAFS)
This work Ref. 9
E T E (Assignment) Assignment (this work)
E- +03eV +0.5eV eV (final orbital)
1 24734 5.0 24730  [#*(4b))] m*(4b,),0*(C-S)(8h,)
2(sh) 2475.1 33 4s
3 2475.6 2.8 24754  [7*(2ay)] 4p
4(sh) 2476.3 2.1 24769  [o*(C-S)(8b,)] 5p
(124y)

LP. 2478.4(5)° 2471.6°
5 2480.8 —24 2481 a*(C-C)
6 2482.5 —4.1 2482 o*(C-0O)
7 2487(1) -9 2488 shakeup

* Estimated from the S 25 I.P. of solid thiophene (228.6 eV) (Ref. 19) and the average of the solid-gas shifts in

the C 15 (5.3eV) and S 2p (5.9¢V) LP.s.

® Estimated by fixing the term value of feature 1 to be the average of the values in the C 15, S 2p, and § 2s spectra.
For comparison the S 1s I.P.’s of gaseous CH,SCH, and CH,SH are 2477.6 and 2478.0 eV (Ref. 28).
©This value was estimated from the § 1s fluorescence spectrum and photoelectron spectroscopic data (Ref. 9).

expected since the originating orbital of the transitions is on
the same atom of the molecule and has the same symmetry
and similar spatial extent. The term values for feature 1 de-
rived with our estimated I.P.’s are 5.0 and 5.3 eV, respective-
ly, in the S 1sand S 2s spectra, consistent with assignment of
the first feature to transitions to the #*(4b,) level. The S
ns—m*(2a;) (n =1 or 2) transitions are symmetry forbid-
den. The alignment of the second feature in the S 2sand the S
1s spectra with the o*(C-S) peak in the C 1s spectrum sug-
gests assignment of these features to transitions to the o* (C-
5) (8b,) level. This is the interpretation proposed by Perera
and LaVilla® based on a frozen orbital approximation and
the ordering of the virtual levels in the MNDO and ab initio
(8TO-3G) calculations. However, we do not believe this to
be correct since, based on the spatial localization of the core
levels, the o*(C-S) transition should be at least as strong
relative to the 7*(4b,) transition as in the C 1s spectrum.
The MS-Xa calculation resolves these difficulties and pro-
vides a guide to the correct assignment.

The absolute S 1s photoabsorption cross section calcu-
lated by MS-Xe is shown in Fig. 4 in comparison to the gas
phase spectrum. For this plot the discrete and continuum
transitions have been broadened by 1.5 and 3 eV Lorent-
zians, respectively. The transition energies, which are calcu-
lated relative to the L.P., are summarized in Table IV along
with the calculated cross sections. The calculated intensities
are in excellent agreement with those reported by Perera and
LaVilla.® According to our MS-Xa results the S 1s—o*(C-
8)(8b,) and Sls—7*(4b,) transitions occur at essentially
the same energy. This indicates that both transitions should

be assigned to feature 1 in the S 2s and S 1s spectra. The S
ns—o*(C-S) transition is expected to be strong because of
the localization of the upper level on the sulfur atom. The S
ns—*(4b,) transition is relatively intense because of the
considerable aromatic character of thiophene and thus ap-
preciable delocalization of the 7*(4b,) level onto the sul-
phur.

We attribute the additional weak features in the discrete
portion of the S 1s and S 2s spectra to Rydberg transitions
and assign them according to their term values.?® (Note that
the Rydberg numbering scheme for the sulfur core spectra
differs by 1 in n value from that in the carbon ls spectrum,
since the S 35 and S 3p orbitals are valence. ) This differs from
the assignments of Perera and LaVilla,® who suggest that
these features are associated with S 1s excitations to 2a,, 8b,,
and 124, unoccupied MO levels. The absence of these transi-
tions in the MS-Xa calculations; the arguments presented
above in favor of assigning S 1s—o*(C-S) (8b,) transitions
to peak 1, and the forbidden character of the S 1s(a,)
—m*(2a,) transition all support our interpretation. All of
the S 2s features are considerably broader than the corre-
sponding features in the S 1s spectrum because of the very
short lifetime of the S 2s hole associated.with the rapid Cos-
ter—Kronig (L,L,L, Auger) decay.

The continuum features observed about 3 eV above the
S 25 and S 1s ionization thresholds are attributed to S
ns—o*(C-C) transitions. The MS-Xa calculation of the S
Is continuum predicts two resonances at 2.0 and 6.75 eV
above'the I.P. The positions of these resonances relative to
the L.P. are very similar to the calculated positions of the two
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FIG. 4. Comparison of the calculated and experimental gas phase sulfur 1s
spectra of thiophene. The calculated spectrum has been shifted so that the
ionization threshold matches experiment. States calculated below the I.P.
have been broadened by a 1.5 eV Lorentzian, those above the L.P. with a 3
eV Lorentzian.

o* resonances in the carbon 1s spectrum. There are no calcu-
lated resonances in the region 6-20 eV above the LP. The
calculations suggest that features 5 and 6 in the gas phase S
1s spectrum correspond to o* continuum resonances with
feature 7 possibly corresponding to a shakeup continuum.
The similarity in the positions of the o* resonances (relative
tothe I.P.) at the S 1s and C 1s edges suggests that the upper
levels for the transitions are the same for both edges corre-
sponding to states delocalized over the entire ring. The sul-
fur component or the carbon component of these levels is
populated, depending on the atomic site of the initial core
level. o* states delocalized on the heteroatom also occur in
furan and pyrrole since transitions to o*(C-C) levels are
observed in the O and N 1s spectra.® Further support for a
o*(C-C) assignment is provided by comparison to the S 2s
and S ls spectra of thiolane (Fig. 7, Table VI, and Fig. 8)
where the corresponding continuum features are observed
several eV closer to threshold, consistent with the o reso-
nance, bond length correlation, and the longer average C-C
bond in thiolane (150 vs 139 pm).

An alternative possibility that was considered but re-
jected was assignment of these continuum features to S
ns—S 3d transitions. This is not unreasonable since these

?
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FIG. 5. The background subtracted $ 2p spectra of thiophene in the gas
(ISEELS)), solid, and monolayer (NEXAFS) phases. The NEXAFS spec-
tra were recorded with both 20° and 90° photon incidence on both the com-
pressed (150 K) and the relaxed (180 K) monolayer. The hatched lines
indicate the location of the S 2p ionization thresholds.

features are also aligned with the first of the much more
intense S 2p—3d continuum features. Although S rs—3d
transitions are symmetry forbidden in atomic sulfur, they
are allowed in thiophene and thus could be observed, albeit
weakly. However the MS-Xa results and comparison with
the spectra of other heterocyclics® leads us to prefer the
aforementioned o*(C-C) assignment.

4. Sulfur 2p spectra

The S 2p ISEELS spectrum of gaseous thiophene is com-
pared to the NEXAFS spectra of the multilayer solid, and
both the compressed monolayer [Pt(111) at 150 K] and
relaxed monolayer [Pt(111) at 180 K] phases in Fig. 5. For
each monolayer phase, spectra recorded with the photon
beam incident at 20° and 90° to the surface are shown.
Curved backgrounds estimated from the underlying contin-
uum have been subtracted from all spectra and the mono-
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TABLE V. Energies and proposed assignments of features in the sulfur 2p spectrum of thiophene in the gas, solid, compressed monolayer [150 K on

Pt(111)] and relaxed monolayer {180 K on Pt(111)] phases.

Gas Solid Monolayer
E ™ 150K 180K Assignment
# +0l1ev +0.3eV +0.3eV 20° 90° 20° 90° Final orbital
372 12 3/2 172
1 165.6 43 165.1 165.0 165.0 165.0 o*(C-S)(8b,)
2 166.9° 3.0 42  166.7 166.6 166.5 166.6 166.1 7*(2a,) o*(C-S)(8b,)
3 168.4 1.5 2.7 168.0 167.6 166.7 167.8 167.1 o*(12a)) *(2a,)
4(sh) 168.9 22 1689 168.3 168.3 o*(12a,)
3/21LP. 169.9(2)° 164.3¢
172 LP. 171.1(2)¢ 165.3¢
5 172.3 —20 1724 171.7 a*(C-C)
6 173.9 —-33 1739 173.3 172.8 174.4 174.3 S3d(“ty,")
7 187(1) —17  187(1) - S3d(“e,”)

* T =1.P. — E, as measured with respect to the indicated ionization threshold.

®Calibration at 6.3(1) eV below the S 2p, ,,—64,, transition in SF [173.20 eV (Ref. 29)].

°From XPS (Ref. 18).

4From XPS (Ref. 19). A value of 163.8 eV (2p,,,) has also been reported (Ref. 25).

layer data has been subjected to several three-point smooths.
The grazing incidence spectrum of the solid [ multilayer on
Pt(111)] (not shown) was identical to the normal incidence
spectrum of the solid. The energies and proposed assign-
ments of the observed features are presented in Table V. As
in the C 1s spectra the solid and gas phase S 2p spectra are
quite similar indicating that transitions to the same intramo-
lecular final states are occurring in all phases. There is a
systematic shift of about 0.4 eV to lower energy in the con-
densed phase spectra. However this is believed to be an error
in the monochromator calibration for the NEXAFS mea-
surements. An expanded presentation of the structure
between 164 and 170 eV is shown in Fig. 6. For this plot the
condensed phase spectra have been shifted to remove the
suggested calibration error and thus to align the 166.9 eV
feature in all spectra. With this correction the main features
in the S 2p spectra of all phases are in good alignment. A
more significant difference is that the intensity of the discrete
[7* and o* (C-S) ] features relative to the continuum is con-
siderably less in the gas than in the condensed phase spectra.
The origin of this difference is not known.

The S 2p ion core is spin-orbit split into 2p;,, and 2p,,,
components and thus the observed spectrum will be the su-
perposition of two sets of transitions displaced by 1.2 eV.**
As indicated in Table I, the S 2p—#*(4b,) and S
2p—7*(2a,) transitions each contain components with
both in-ring and out-of-ring polarization. Thus the intensi-
ties of S 2p—* transitions are expected to change relatively
little with different angles of x-ray incidence. On the other
hand both of the allowed S 2p—o*(C-S)(8b,) transitions
are in-ring polarized and thus will exhibit strong intensity
variation, with maximum intensity at normal incidence for
the 180 K monolayer phase where the rings are parallel to
the surface. The first peak in the S 2p spectrum of 180 K
monolayer thiophene is very intense at normal incidence and
weak or absent at glancing incidence. This behavior clearly
indicates that feature 1is the S 2p, ,,—>0*(C-8) (85,) transi-

tion. A similar although attenuated polarization is observed
for feature 1 in the 150 K monolayer spectrum, consistent
with this assignment and the proposed tilted geometry in this
phase.'® It appears that the expected lowest energy S
2p;,,—m* (4b,) transition is very weak. The second feature
in the normal incidence 180 K monolayer spectrum is rela-
tively sharp and is attributed to the S 2p, ,,—0*(C-S) (8b,)
spin-orbit partner to feature 1. There is considerable intensi-
ty at the energy of feature 2 in all of the glancing incidence
spectra. This indicates that the S 2p,,,—7*(2a,) transition
is also contributing. The third feature in the spectrum
(around 168 eV) is assigned to S 2p,,,—m*(2a,) transi-
tions. Since S 2p—7*(2a,) excitations generate states with
both in-ring and out-of-ring polarization (see Table I), one
expects little change in the intensity of features 2 and 3 with
x-ray incidence angle, as observed.

The MS-Xa calculations of the oscillator strengths for S
2p excitations, although nonrelativistic, do give support to
the proposed assignments. According to the calculations,
the S 2p—0*(C-S) (8b,) excitation is much stronger than
any other transition. The 8b, orbital was calculated to have
28% sulfur d character and 22% sulfur p character, the re-
mainder being mainly carbon 2p. In contrast, the 7*(4b,)
and o*(2a,) orbitals were calculated to have only 4% sulfur
d character. In addition, the calculations predict a diffuse o*
level of @, symmetry with significant (5% ) sulfur d charac-
ter lying just above the o* (2a,) level. The relative intensities
of the S 2p transitions follow the percentage d character of
the upper states. Thus the S 2p—* (45, ) transition is calcu-
lated to lie 0.7 eV below the S 2p—0*(8b,) transition but it
has an order of magnitude lower intensity. The calculations
support the assignment of feature 1 to predominantly the
S 2p,,,—0*(C-S)(8b,) transition. Transitions to the
7*(2a,) and 0*(12a,) levels also have some intensity and
will contribute to features 2 and 3.

The S 2p continuum (Fig. 5) shows broad features
around 3 and 17 eV above the edge. These arise from transi-
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FIG. 6. An expanded plot of the S 2p spectra of thiophene shown in Fig. 5.
The condensed phase spectra have been shifted 0.4 €V to align them with the
gas phase spectrum at the 166.9 eV feature.

tions to atomic S 3d levels. Corresponding features are seen
in many S 2p spectra. The first broad peak (at 174eV) has a
shoulder at 172.3 eV, about 2 eV above the average S 2p L.P.
This probably arises from transitions to the lower energy,
delocalized o*(C-C) level. This feature can be detected in
the normal incidence 180 K relaxed monolayer spectrum but
not at glancing incidence, consistent with its assignment to
transitions to an in-plane o* level. The S 2p excitation to the
second delocalized o*(C-C) level is expected about 5 eV
above the I.P. and thus will be masked to a greater extent by
the first S 3d resonance.

B. Thiolane
1. Gas phase spectra

The C 15, S 2p, S 25 ISEELS and S 1s NEXAFS spectra
of gaseous thiolane are presented in Fig. 7. Each spectrum is
plotted on the same energy width and the spectra are posi-
tioned to align the first transition. The energies, term values,
and proposed assignments are listed in Table VI. The

Thiolane

gas

Background subtracted Intensity (arb. units)

PR PPN R NP

2460 2490 2500

Energy eV)

FIG.7.TheC 1s,S 2p, and S 2s spectra of thiolane recorded by ISEELS with
2.5 keV final electron energy and the S 1s NEXAFS spectrum of gaseous
thiolane. The hatched lines indicate the estimated locations of the ionization
thresholds.

hatched lines in Fig. 7 indicate the locations of the ionization
thresholds, which are all estimated since XPS spectra of gas-
eous thiolane have not been reported to our knowledge. The
average C 1s L.P.s of the saturated heterocyclics, tetrahydro-
furan, and pyrrolidine, have been estimated to be 0.4 eV
higher than the average C 15 I.P.’s of their aromatic counter-
parts, furan and pyrrole.® Thus an average C 1s LP. of
290.5(3) eV is estimated for thiolane. The separation of the
L.P.’s of the two C 1s environments is expected to be 0.3(1)

eV, as measured in the gas phase for thiophene'® and in the
solid state for thiolane.?* This is too small to generate observ-
able splittings in the ISEELS spectra although it will contri-
bute to broadening of the features. The heteroatom K-shell
LP.’s of the O and N analogs decrease by 1.0 and 1.5 eV,
respectively, between the unsaturated and saturated spe-
cies.® Thus the sulfur core L.P.s of thiolane are estimated to
be 0.6(4) eV smaller than those of thiophene. Based on these
estimates the shifts in both the heteroatom and C 1s I.P.’s
between the aliphatic and the aromatic heterocyclic species
agree within 0.3 eV with those reported in the solid state.?’
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TABLE VI. Energies and proposed assignments for features observed in the C 1s, § 2p, S 25, and S 15 spectra of gaseous thiolane.

C 1s (ISEELS) .
E T Assignment
# 40.1eV eV (final orbital)
1(sh) 287.1(3) 34(4) =*(CH,)
2 287.8% 2.7 o*(C-S)
3 25%0.0 0.5 Rydberg
LP. 290.5(5)°
4 292.3 —1.8 o*(C-C)
5 297(2) —6 o*(C-C)
S 2p (ISEELS)
E T Assignment
# +0.1eV +0.6eV (final orbital)
3/2 172 172
1 164.4 49 - o*(C-S)
2 165.5¢ 38 5.0 7*(CH,) a*(C-S)
3 166.7 1.6. 38 7*(CH,)
4 168.5 0.8 2.0 Ryd.
372 LP. 169.3(6)¢
172 L.P. 170.5(6)¢
5 172(2) -2 o*(C-C),S 3d
6 181(1) -1 S3d
S 25 (ISEELS) and S 1s (NEXAFS)
S2s Sls
E T E T Assignment
# +03eV +0.8eV +03eV + 0.8 eV (final orbital)
1 228.3 5.3 2472.3 5.5 o*(C-S)
2(sh) 2473.1 4.7 ™ (CH,)
2 230.8 2.8 2474.7 3.1 3p
LP. 233.6(6)° 2477.8(6)°
3 234(1) 0 2479(2) -1 o*(C-C)
2485(2) -7 o*(C-C)

2Calibrated at 2.9(1) eV below the C 15— #* transition in CO, [290.7 eV (Refs. 11 and 26)].

® Estimated from the C 1s L.P. of thiophene. The splitting of the C 1s levels is 0.3(1) eV (Ref. 24).

¢ Calibration at 7.72(8) eV below the S 2p, ;, 64, transition in SF, [173.20 eV (Ref. 29)].

9 Estimated from the S 2p L.P. of thiophene, the separation of the I.P.’s of solid thiophene and thiolane (Ref. 25), and extrapolation from the L.P.’s of O and N

heterocyclics (Ref. 8).
¢ Estimated. See the text and footnote (d) of this table for details.

2. Carbon 1s spectrum of thiolane

In comparison to thiophene several changes are expect-
ed in the carbon 1s spectrum of thiolane. First since thiolane
is saturated, *(C = C) transitions cannot occur and thus
the C 1s—o0* (C-S) is expected to be the dominant transition
to a virtual valence level below the L.P. Second, the o* (C-C)
resonance intensity in the continuum should appear mar-
kedly closer to threshold according to the bond length corre-
lation since the thiolane (C—C) bond is 153 pm long, 14 pm
longer than the average C—C bond length in thiophene.
Third, the C 1s—o*(C-S) transition might shift to lower
term value since the C-S bond is 12 pm longer in thiolane
than in thiophene.

The main peak at 287.8 eV in the C 1s spectrum is as-
signed to transitions to the o*(C-S) (85,) level. Interest-
ingly there is very little change in the term value of this fea-
ture relative to that of the corresponding o* (C-S) transition
in thiophene. This is clearly illustrated in the direct compari-
son of the thiophene and thiolane C 1s spectra presented in
Fig. 8, which also compares the S 2p and S 1s spectra of these

two species. Note that the energy scales in Fig. 8 refer to the
thiophene spectra. All of the thiolane spectra have been
shifted to align the o*(C-S) features with those in thio-
phene. With this presentation the positions of the thiolane
L.P.’s (appropriately corrected for the energy shift) approxi-
mately match those of thiophene. The similarity of the term
values for o*(C-S) excitations in thiophene and thiolane
suggests that the energies of C 1s—o* (C~S) resonances are
relatively insensitive to the length of the C-S bond, in sharp
contrast to the situation for o* (C-C), o* (C-N), and o* (C-
O) resonances. This is disappointing with regard to the use
of NEXAFS for C-S bond length determination but it is not
entirely unexpected since the o resonance shifts to lower en-
ergy and the bond length sensitivity decreases with heavier
atoms (higher Z parameter) according to the results pre-
sented earlier.’

Relative to the continuum the feature assigned as the
0*(C-S) transition in thiolane appears to be somewhat
stronger than that in thiophene (Fig. 8). This suggests that
there is a second contribution to the 287.8 eV peak in thio-
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FIG. 8. Comparison of the C 15, S 2p, and S 1s spectra of gaseous thiophene
and thiolane. The energy scales shown are accurate for thophene. The thio-
lane spectra have been shifted by — 0.7 eV (C 1s), + 1.4 eV (S 2p), and

+ 1.1V (S 1s), respectively, to align the o* (C-S) features with those of
thiophene. The thiolane I.P.s indicated are located correctly with respect to
the thiolane spectra (i.e., they are on a shifted energy scale).

lane. Close examination of the spectrum reveals a shoulder
(labeled # 1) on the low energy side at about 287.1 eV which
we assign to transitions to a 7*(CH,) level. Features attri-
buted to 7*(CH,) transitions are observed about 3 eV below
the LP. in tetrahydrofuran, pyrrolidine, and piperidine® as
well as in a wide range of cyclic’ and noncyclic?® alkanes. It
is possible that the relative ordering of the o*(C-S) and
7*(CH,) transitions should be reversed from that indicated
above and in Table VI. This would make the term value of
the C 1s—o*(C-S) transition in thiolane 0.2 eV larger than
that in thiophene, consistent with the relative positions of
the S 2p—0*(C-S) and S 1s—o0*(C-S) transitions in thio-
phene and thiolane (see below) and also with the fact that
the increased C-S bond length in thiolane should shift the
o* (C-S) feature to lower energy at least to some extent. The
broad structure ( #3) centered around 290 eV is attributed
to unresolved, overlapping Rydberg transitions converging
on the I.P.

Hitehcock, Horsley, and Stohr: Core excitation of thiophene and thiolane

The peak at 292.3 eV in the C 1s continuum (#4) is
attributed to the o*(C-C) shape resonance. Its location
(6 = 1.8¢V) is in good agreement with that predicted from
the bond length correlation (6 = 1.3 €V) based on the C-C
bond length of thiolane (153.2 pm?®). Above this feature
there is a weak, broad maximum at 297 eV (#5) with an
onset around 294 eV. Features similar to this are observed
consistently in the C 1s spectra of saturated cyclic® and non-
cyclic?® alkanes. In these spectra they were interpreted as
one-electron transitions to o* states rather than to multielec-
tron processes such as double excitation or shakeup. Peak 5
is far too broad (~4 eV half-width) to be a double excita-
tion. Shakeup features can be identified by the correspon-
dence between the energy of their onsets and the positions of
XPS shakeup satellites. For thiolane a weak shakeup peak is
observed about 6.2 eV above the main line in the XPS spec-
trum of the solid.?® This is several eV higher in energy than
the onset of peak 5 relative to the I.P. Thus, as in the other
saturated hetrocyclic compounds® and saturated alkanes, -2
the highest energy continuum feature is attributed to a one-
electron transition to a o* state. It appears that even in ali-
phatic compounds, transitions occur to more o* states than
are predicted within the most simple interpretation of the
bond length correlation.” However the transition which cor-
relates with the nearest neighbor bond length dominates the
spectra of saturated species to a greater extent than in the
spectra of aromatics.

3. Sulfur 2p spectrum of thiolane

The S 2p spectrum of thiolane is remarkably similar to
that of thiophene (see Fig. 8). This is very surprising at first
sight since the unoccupied electronic structure of these two
molecules differs considerably. There is a shift to lower ener-
gy in going from thiophene to thiolane but the term values of
the individual features in each molecule are quite similar
since there is a shift of about the same amount in the S 2p
L.P.’s according to our estimates. Table VI summarizes our
assignments of the thiolane S 2p spectral features to overlap-
ping transitions to o*(C-S) and 7*(CH,) levels with 2p,,
and 2p,,, core holes. The similarity of the S 2p spectrum of
thiolane to that of thiophene can be explained by the negligi-
ble contribution of S 2p—7*(C = C)(4b,) transitions in
thiophene and the substitution of S 2p—7*(CH,) transi-
tions in thiolane for the S 2p—7*(C = C) (24,) transitions
in thiophene. The occurrence of transitions from the local-
ized S 2p core level to an orbital formally labeled 7* (CH,) is
reasonable since O 1s—7*(CH,) and N 1s—7*(CH,) tran-
sitions are clearly observed in the spectra of tetrahydrofuran
and pyrrolidine,® molecules where there is no overlapping,
low lying o* level. The similarity of the thiophene and thio-
lane spectra may also be a consequence of contributions to
the thiolane spectrum from excitations to a o*(a,) level with
an appreciable S 3d component, similar to that which the
MS-Xa calculation suggests occurs in thiophene.

The two maxima in the S 2p continuum (#5,6) are
associated with the S 3d resonances, as are those in the thio-
phene S 2p continuum. Each of these maxima are closer to
the LP. in thiolane than the corresponding maxima in thio-
phene (see Fig. 8). This is consistent with the general obser-
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vation that continuum resonances shift to lower energy with
increasing bond length. Recently, similar shifts in the posi-
tions of Si 2p—3d resonances in a number of Si compounds
have been documented and correlated to bond lengths.?’ The
S 2p continuum of thiolane is weaker in the first 5 eV above
threshold than that of thiophene. This suggests less contri-
bution from S 2p—o*(C—-C) transitions in thiolane than in
thiophene. This is consistent with o*(C~C) levels being
more localized in noncyclic aliphatic than in aromatic mole-
cules.

4. Sulfur 1s and 2s spectra of thiolane

Aside from additional broadening in the S 2s spectrum
associated with the rapid Coster—Kronig decay, the S 2s
ISEELS and S 1s NEXAFS spectra of gaseous thiolane
(shown in the lower two panels of Fig. 7) are very similar.
The first feature is attributed to transitions to the o*(C-S)
level. As with the S 2p—o*(C-S) transitions, the term val-
ues for the S ns—o* (C-S) features (derived with estimated
1.P.’s) are about 2 eV larger than that of the o* (C-S) feature
in the C 1s spectrum. A similar shift in the o*(C-S) term
value between the C 1s and S 1s, 2s, and 2p spectra is also
observed in thiophene. This observation is a good example of
the limitations of a simple, frozen orbital approximation to
the interpretation of core excitation spectra. Additional fea-
tures observed below the I.P.’s are assigned to transitions to
7*(CH,) and Rydberg states according to their term values.
The weak peaks in the continuum of each spectrum (#3in S
2s, #4 and #5in S 1s) likely arise from transitions to that
portion of the delocalized o* (C—C) levels which overlap the
sulfur atom. As expected these features are much weaker in
the sulfur inner shell spectra than in the carbon 1s spectrum
of thiolane. Also, they are weaker than the corresponding S
ns—o*(C-C) transitions in thiophene, providing further
evidence for the greater localization of the o* (C—C) orbital
in thiolane than thiophene. The comparison of the thiophene
and thiolane S 1s spectra (Fig. 8) gives further support to
our assignments. Although the spectral shapes are roughly
similar the main peak ( ~2473 eV) is about 20% less intense
relative to the continuum in thiolane than in thiophene. This
is due to the additional contribution in thiophene of the S
1s—7*(4b,) transition at this energy. According to the MS-
Xa calculation (Table III) the 7*(4b,) contribution is
about 25% of the total, in good agreement with the decrease
in intensity of feature 1 from thiophene to thiolane.

V. CONCLUSIONS

The inner shell spectra of thiophene and thiolane in the
gas phase; and thiophene in the solid and two monolayer
phases have been reported and analyzed with the aid of MS-
Xa calculations. Comparison of all these results has allowed
the development of a rather complete picture of the inner
shell excitation spectroscopy of these molecules and has sub-
stantiated the previous interpretation of the NEXAFS spec-
tra in terms of particular molecular orientations of thio-
phene in the two low temperature monolayer phases on the
Pt(111) surface.!® Prominent transitions to o* (C-S) states
occur below the I.P. in all core spectra. The o*(C-S) reso-
nance position is found to be relatively insensitive to the C-S
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bond length in contrast to the position of the S 3d resonances
in the S 2p continuum or the o* (C-C) resonances observed
in the near continuum of all the core spectra. The positions
of the latter two classes of features shift systematically with
the differences in the C-S and C-C bond lengths between
thiophene and thiolane, consistent with the previously docu-
mented bond length-resonance position correlation.’
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