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Gas-Phase Photoemission Investigation of Diethynylthiophene: Experiment and Theory
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The photoelectron (PE) and X-ray absorption (NEXAFS) spectra of gaseous diethynylthiophene (DET) at the
C 1s and S 2p core levels are presented and discussed. The NEXAFS spectra have been obtained in the
total-ion-yield mode. The ionization energies have been determined for C 1s and S 2p spesB&by
calculations, while the NEXAFS spectra, at both the C K-edge and S L-edge, have been simulated by STEX
calculations. Good agreement between experiment and theory is generally observed. A strong perturbation of
the electronic structure of thiophene at theand 5-carbon atoms, induced by the two ethynyl substituents,

is inferred by the analysis of the spectra.

Introduction aspects still must be investigated. To expand opportunities
offered by thiophene-containing conjugated polymers, new
synthetic routes leading to structures bearing ethyne groups and
metal centers inserted between thiophene rings have been
developed as shown hereafter. The spacing of the thiophene
rings with the electron-rich acetylide and metal center moieties
should result in the enhancement of both electron density and
conjugation, and thus delocalization, throughout the polymer
chain and, consequently, their related properties.

Several investigations on thiophene, model systems, and
polymers based on thiophene have been perfodfiéé More
recently, we investigated by photoelectron spectrostgmme
of the synthesized materials in an effort to obtain a better
definition of both the chemical and electronic structure of
giethynylthiophene and Pt- and Pd-containing oligomers.

In this paper, we report additional information from this
research program, which leads to elucidation of the electronic

thiophene polypyrrole3# and polyanilind have been investi- structure of the basic, thiophene-containing organic spacer

gated as they become semiconductors upon doping and show &i€thynylthiophene (DET) (see Figure 1 for the molecular
relatively high degree of stability in air, ultrahigh vacuum, and structure), synthesized and used in our laboratory. Synchrotron

organic solvents. In the recent past, the addition of 3-alkyl side radiation-induced photoelectron (PE) and near-edge X-ray
chains was introduced in an effort to improve the processability 2Psorption fine structure (NEXAFS) spectroscopies, carried out

of the polymer, allowing production of workable conducting Under gas-phase conditions, have been used in this study to
polymersS probe the electronic structure of both occupied and unoccupied

In this framework, several oligomers and polymers of orbitals. ASCF (self-consistent field) calculations have been

thiophene, a five-membered aromatic heterocyclic hydrocarbon €MPloyed to estimate the core ionization energy for each

containing sulfur, have been synthesized and investigated. Thechemically different carbon atom and for the sulfur atom of

obtained materials have been extensively studied and conven.PET- The ab initio STEX method® has been used for the

iently used for FE®7 and LEDF-1° realization; however, the calculation of the NEXAFS spectra at either the C K- or S
basic understanding of many of the chemical and physical -€d9€-

The electronic structure of five-membered aromatic hetero-
cyclic compounds is of great interest since these species form
the basis for a series of organic conducting polymefsese
materials, possessing the peculiarity of a long chain conjugation
backbone, are attracting considerable attention from several
scientific communities, because of their application as compo-
nents of electronic devices. At present, one branch of these
activities seems to outgrow basic research, as the first techno-
logical applications are becoming real. Traditionally used
semiconducting materials are currently being replaced with
organic compounds in some specific applications, for instance,
FET (field emission transistor) and LED (light-emitting devices).
The low cost, processability, and versatility are, among the
others, the parameters that make these materials convenient an
advantageous for replacing the traditional ones.

Electrochemically synthesized polymers such as poly-
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Calculations of the reference ground and core-ionized states
were carried out employing tripl&plus polarizing and diffuse
function basis sets on C and S atoms and doglesis sets
on H atoms. After the double-basis set algorithm had been
adopted, the STEX Hamiltonian was then calculated, adding to
this basis set a large number of diffuse functions to give an
augmented basis set. The Stielties imaging techRiqueas
applied to the discretized STEX spectrum in the continuum,
Figure 1. Diethynylthi_ophene '(DET) molecular structure. The labeling  gnd the resulting spectrum was then convoluted with a Gaussian
of the carbon atoms is used in the text. function with a full width at half-maximum (fwhm) of 0.4 eV

to simulate the effect of both the limited experimental resolution
OIand the vibrational broadening of the bands in the discrete

and analyzer) resolution of 0.4 eV. The analyzer has been use energy region with the purpose of making the comparison with

g‘;g%cggft?r:g [():aslss Zr;%rgsy ;n Ogg;ewllg\]/;riEasssei?rzrgyh?ﬁ;;?he experimental data easier. The use of a Gaussian function
’ P P P here is, evidently, an approximation. The effective vibrational

energies of 337.0 and 190.0 eV, respectively, have been usedl. : S
. T ine shape of a NEXAFS peak can be, in principle, more
with mqnochromgtor entrance and exit slits of 30 and 220 . .complex and asymmetric, thus producing a different distribution
respectively. Calibration of the energy scale has been carried i itV A ful | o dooti basi ith
out by introducing suitable gases (Ar andsBiRto the ionization 0 mten.sny. A carelu |nves.t|gat|on,.a opting a basis set wit
increasing size and improving quality, has been performed to

;e%'gt?l}%ggmﬁrevég?n?e sggﬁlinaenrd recording a IOhOtOGIemronverify that both the computed PE spectrum and the computed
P P 9y- . . NEXAFS spectra that are presented do not show any basis set
NEXAFS measurements have been taken in the total-ion- d d h | lati ff d the eff
ield mode, by using a time-of-flight mass spectrometer ependence. When electron correlation effects and the effect
)(lialibration <,)f the photon energy scale has been achieved wi"[hOf screening of the excited electron are neglected, STEX is
P  energy evidently more suitable for those excited states that can be
the Ar 2p, — 4s absorption line at 244.3 €V for the carbon . e o
. reasonably described by “single excitations”, and, among those,
core edge, and the S 2p absorption peak of 8A.78.63 e¥? for_hiah ited ¢ Rvdb -
for the S L-edges. All NEXAFS spectra are normalized to the or high-energy excited states of Rydberg or continuum
. character. For the lowest-valence character of the core excited

incident photon flux as measured just after the ionization states, the missing screening may result in energy errors of

chamber. o -
The position of the electron spectrometer for the PE experi- ~1-2 eV_, this error can be generally assqmed to be similar
for the different excitation channels, leading to a common

tmhgnt:cs)lavtvr?zsat?grﬁ)tvzt(:ttgre ofn:i?g Ig ﬁgﬁlﬁtrgsrﬁayfgit:tigisp'?ﬁ; F[gtal- compression of the ‘discrete” core excitations toward the
the p y . Lo ionization threshold. In the case of the S L-edge, the -spin
ion-yield (NEXAFS) spectra were collected in the direction of bi ling leadi ltti f th o i
the light polarization vector. The base pressure in the vacuum orbit coupling leading to a splitting of the excitations compli-
chamber was in the low IG. Pa range cates the theoretical analysis. This has been empirically

. . nge. _ _ simulated by the duplication of the STEX spectrum computed

The synthesis of 2,5-diethynylthiophene{B=C—Ar—C= . 2 L .
) . . without taking into account explicitly the effect of the spin
C—H, Ar being thiophene) (see Figure 1) has been performed _ . . . )
orbit coupling. More precisely, we obtained the full spectrum

by modification of the reported reaction proced#®?3 The e .
DET, after syntheses, was stored in a series of sealed vials unde?IS the superposition of two spectra shifted by 1.20 eV (PE

S . experimental spifrorbit splitting), assuming a statistical value
an argon atmosphe_re, an(_j constantly kept 60 C (dry ice). . of 2—1 for the relative intensities of thesk and Ly, channels.
Vials were opened immediately prior to use and introduced into

a CF16-flanged glass vessel connected to the gas line by a Ieaklt should be added that the S 2p level is molecular field split
valve. The DET sample which is solid at low temperature8 Into quasi-degenerate sublevels that are accessible SO&

°C), albeit with a high vapor pressure, was constantly kept in a approximation. The interaction between the corresponding

thermostatic bath at16 °C for all the measurements. Before gxcitation subchannels is, hpweyer, neglected in the STEX-
independent channel approximation adopted here.
the measurements were taken, the glass vessel was pumped
down; successively, the sample was transferred into the vessel . .
under an argon atmosphere and isolated by a valve. Removaftesults and Discussion
of contaminants was achieved by several cycles of pumping  photoelectron (PE) Spectra.C 1s PE SpectraThe C 1s
and cooling of the glass vessel, verifying the DET purity by & experimental photoelectron spectrum of gaseous DET and the
mass spectrum and valence PE band using 25 eV of photonpest fit, obtained using four Voigt peaks and the linear
energy fw). Curve fitting analysis of the C 1s PE spectrum packground, are presented in Figure 2. The ionization energy,
core level was carried out using the Levenbtkdarquardt  amplitude, and widths of the four Voigt functions in the fit were
nonlinear minimization algorithm with nonapproximated Voigt treated as free parameters (Voigt widths and amplitude were
functions. shared between the four components). The residual between the
experimental data and the fit is also reported. To allow an easier
comparison between experiment and theory, Figure 2 also
The geometry of DET has been computed by ground state reports the calculated bar diagram for the four (see Figure 1
SCF optimization with a basis set of triplequality. The  for numbering) chemically inequivalent carbon atoms.
calculations of the ionization energies for all the chemically = The experimental spectrum appears as a broad band; however,
inequivalent carbon atoms and sulfur were performed in the the four components could be resolved using a fit procedure.
ASCF approximation by using the DALTON coéfeThe set The ionization energy (IE) values determined by the fitting
of excitation energies and corresponding oscillator strengths, analysis for the four C 1s components are 290.48, 290.86,
obtained by STEX calculations for each C site, were instead 291.27, and 291.72 eV as reported in Table 1, with a slight
used to obtain the absorption cross section. increase in energy spacing (0.38, 0.41, and 0.45 eV, respectively)

electron multiplier, giving a total instrumental (monochromator

Computational Details
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TABLE 2: Theoretical Results?

C K-edge

S L-edge

R DET
' Cls
hv=337.0eV

i

0.8 /

/
!
//

f

. /
Ny

o.o-g%ﬁ%m FF%@ — -

LI B B B L

2800 2895 2900 2905 2910 291.5 2920 2925 293.0 2935 2940

f=4
foa)
1

o
S
1

Intensity (arb. units)

Tonization energy (eV)

Figure 2. Carbon 1s PE experimental spectrum of DET vapor obtained
using a photon energy of 337.0 eV. The experimental spectrum (dots)
is shown together with the best fit obtained using four Voigt functions
and a linear background (see the text for details); the residual between
the experimental data and the fit is also reported. The bars correspond
to the results of computations for the four (see Figure 1 for numbering)
chemically inequivalent carbon atoms.

TABLE 1: Experimental lonization Energies (IEs), for
Gas-Phase DET, from PE Spectra for the C 1s (as obtained
by the best fit) and S 2p Core Levels and Energy Position of
the Transitions as Detected in the Total-lon-Yield (NEXAFS)
C K-Edge and S L-Edge Spectra

287.59 (0.0307)d")
289.80 (0.0085)d)
290.18 (0.0017)d)
290.61 (0.0010)d)
290.96 (0.0013)d")
291.80 IE

287.04 (0.0272)d")
288.56 (0.0018)d)
289.13 (0.0061)d")
289.39 (0.0058)d")
289.76 (0.0030)d")
290.87 IE

287.74 (0.0202)4")
288.44 (0.0344)d)
290.08 (0.0037)d")
290.50 (0.0019)d")
290.61 (0.0034)d")
290.94 (0.0037)d")
291.46 |E

286.86 (0.0215)d")
288.23 (0.0244)d)
288.29 (0.0040)d)
288.79 (0.0018)d)
288.92 (0.0013)d)
288.92 (0.0016)d")
289.39 (0.0011)d)
289.86 (0.0017)d")

lower series (2g,)

166.48 (0.00310)d")
166.50 (0.00090)d")
167.49 (0.00758)d)
167.77 (0.01204)d)
167.91 (0.00053)d)
168.61 (0.000513{
168.63 (0.00744))
169.03 (0.00053)d()
169.09 (0.00051)d)
169.40 (0.00139)d(")
169.50 (0.00075)d")
169.57 (0.00150)d")
169.66 (0.000843()
170.03 (0.00050))
170.25 IE

upper series (2jp)

167.68 (0.00155)d")
168.69 (0.00379)d)
168.97 (0.00602)d()
169.83 (0.00372)d)
170.14 (0.000673{
170.60 (0.00070)%")
170.77 (0.00075)d")
171.45 IE

290.28 (0.0011)d)

C atom S atom 290.31 (0.0013)d")
C1sPE S2p PE 290.62 IE
290.48 (0) 169.95 2p aMain STEX excitation energies (below the ionization thresholds
290.86 (0.38) 171.152p gies ( )

and oscillator strengths (in parentheses) at the C K-edge and S L-edge
of DET. For the C K-edge, the four channels,(C;, Cs, and G) due
to the four inequivalent carbon atoms are included. For the S L-edge,

291.27 (0.79)
291.72 (1.24)

c E:fgg S Iigg%% the two channels, due to the pand 2p;, core levels, are included.

285.45 166.64 ASCEF ionization thresholds (IEs) and the symmetry of the transitions,
‘ : in the molecular planeal) and out of the molecular plan&’(), are

285.73 167.43 also reported
286.41 168.17 ported.
287.43 168.53 _ o o
289.2 169.56 intensity is due to the ionization ofCthe carbon atom of the
293.4 171.0 ethynyl groups, as a consequence of the charge transfer from
ggg-(l) 1739 the ring. G, on the other hand, experiences a strong charge
309 withdrawal by two of its neighbors, ethyne and sulfur, and

therefore is characterized by the lowest charge density and,
2For C 1s PE data, the energy shift relative to the lowest ionization correspondingly, the highest ionization energy, as expected. C
energy value is shown in parentheses. becomes quite positively charged as well, whilee2hibits a

) ) C 1s ionization energy that is lower and close to that @f C
and a total energy separation between the first and the last pealgecause of the presence of the ethynyl groups in DET, the

of 1.24 eV. From simple chemical and physical considerations, jonization energies of the carbon atoms of the thiophene ring,

we expect that the carbon atoms bonded either to the sulfur orpgnded (G=Ca) and not bonded (£=Cp) to sulfur, differ from

to the acetylene group will experience the strongest chargehose of the thiophene molecule. The ionization energy separa-

withdrawal by their neighbors, with the result being that they tjon between @ and @ for DET is 0.93 and 0.86 eV as derived

have the highest IE values. by calculation and by a fit of the experimental spectrum,
To obtain more accurate hints about the C 1s PE spectralrespectively.

contributions ASCF calculations of the ionization energies (IEs) Thiophene has been investigated in the gas phase by

for the optimized molecular structure of DET have been photoelectron spectroscopy by Gelie$ al.26 who found

performed, and the resulting IEs, for the four chemically jonization energies of 290.5 and 290.2 eV foo.@nd @3,

inequivalent carbon atoms,OCs, Cs, and G (see Figure 1),  respectively. The observed energy gap-@f.3 eV between &

are presented as a bar diagram in Figure 2 (see also Table 2)and @3 was smaller than expected by somie initio calcula-

By comparison with the IE values obtained by the fit of the C tions27 but larger relative to calculated and experimental (0.1

1s PE experimental spectrum (see Figure 2 and Table 1), weeV) values?® reported by other investigations. Comparing our

observe a good overall agreement between experiment andesults for DET with those reported by Geliwet al. for

theory that allows the correct assignment of the four different thiophene, we observe a shift toward a higher ionization energy

C 1s contributions to the spectrum. The low-energy spectral for both thiophenic carbons: 1.22 eV fooGnd 0.66 eV for



6780 J. Phys. Chem. A, Vol. 107, No. 35, 2003

O I R R A R B R A A
DET
08 Szp -
hv=190.0eV
) P
H 06 : : ) 4
£
E’ 0.4 ."- "._ ! 1"'. 4
«% ‘ ; ; P
R=I J
Y T SR Tttty
—_
1885 1890 1695 1700 175 1710 17150 IR0 1725 1730

Lonization energy {eV)

Figure 3. Sulfur 2p PE experimental spectrum of DET vapor obtained
with a photon energy of 190.0 eV.

CB. A strong perturbation of the electronic structure of the
thiophene ring takes place in DET, thecarbons being more

Polzonettiet al.

reported an k3 line separation of 1.25 eV, and other authors
reported a separation of 1.0 eV for solid thiophéhé=or
polythiophene solid films, a value of 1.2 eV was reporéd,
while we found a value of 1.3 eV for organometallic polymers
containing thiophen#& For the TRIM moleculé® we measured

a value of 1.15 eV, with a broadening of the line width of up
to 0.7 eV that was explained by the inequivalency of the sulfur
atoms in the molecule.

The S 2pj; ionization energy value measured for DET is
169.95 eV; Geliuset al26 reported a value of 169.9 eV for
thiophene. The difference between the |IE of these two molecules
is indeed smaller than expected; the charge withdrawal effect
of the two ethyne groups is evidently more effective far C
For the diethynylterthiophene (TRIM) molecule, we found a
value for the S 2, |IE of 169.63 eV, the gap being 1.15 &Y.

We might amend the mistake appearing in that p&pehere
a value of 169.27 eV has been erroneously published.

Total-lon-Yield Spectra (NEXAFS). Carbon K-EdgeThe
C K-edge total-ion-yield (NEXAFS) experimental spectrum is
displayed in Figure 4. Several structures appear mainly in the

affected, as would be expected on the basis of the chemicalloWer-photon energy region of the spectrum, as reported in more

structure. By comparing our theoretical values with the C 1s
IE value of 291.47 eV calculated for acetyleliaye observe a
negative shift for the IE of €in DET (—0.85 eV) resulting
from a more effective electron relaxation around this core hole

because of an electron charge withdrawal from the thiophene

ring, while for acetylenic @bonded to thiophene, a negligible
shift is computed. We have already observed and disctsaed
similar effect in phenylacetylene (PA) in which a negative
chemical shift of the binding energies of the alkyne carbons of

detail in the top panel of Figure 6. Five main peaks are detected
at~284.8,~285.4,~285.7,~286.4, and 287.4 eV. Additional
broad structures at 289, 293, 296, 302, and 309 eV are detected
at higher photon energies.

In Figure 5, the C K-edge spectra calculated for DET by the
STEX method are displayed. The C K-edge spectrum is reported
for each of the four chemically inequivalent carbon atoms of
the molecule (¢ Cs, Cs, and G) convoluted in the low-energy
region with an fwhm Gaussian function of 0.40 eV, together

PA, compared to the acetylene molecule, was found to be asWith the total spectrum (); arrows mark the positions of the

high as—1.35 and—0.68 eV for the ending C1 and for C2

core ionization thresholds (IE). Energy transitions and oscillator

bonded to the benzene ring, respectively. A parallel antiscreeningstrengths of the main STEX excitations below the ionization
effect was detected for the benzene carbons of PA, mainly for thresholds are also reported in Table 2.
the carbon atom bonded to acetylene, which resulted in a binding For a better comparison with the experiment, the computed

energy 0.98 eV higher than that of benzene.
In a previous papet we reported the SR-XPS spectroscopy

Ciot K-edge spectrum is reported with additional information
in Figure 6, including details of the low-energy range convoluted

analysis by experiment and theory of a molecule, diethynylter- profile, and the bar diagram, together with the experimental C
thiophene (TRIM), made by two ethynyl groups alternating with K-edge spectrum. This gives both the position in energy and
three thiophene rings, one central and two termini. In the caseintensity of the main STEX excitations, the labeling giving the
of TRIM, the C 1s PE spectrum exhibited essentially three peaks relative assignment to the four chemically inequivalent carbon
at 290.33, 290.59, and 291.43 &\, atoms and the symmetry of the transitions, namely, in the
From the calculated IPs for DET, the energy separation Molecular planeg) and out of the molecular plane{).
betweern- andf-carbons is somehow lower than that for TRIM The theoretical results reported in Figures 5 and 6 and Table
(0.46 vs 1.1 eV). This can be attributed to the more complex 2 evidence the spectral contributions by each carbon atom and
structure in TRIM with a major perturbation of the carbon atoms are used for the assignment of the experimental bands. A spectral
in the thiophene ring. shape comparison between experiment and theory shows
More remarkable are the differences relative to the acetylenic similarities together with some discrepancies in the intensity
carbon atoms when compared to the calculation for acetyiene; distribution, particularly in the lower-photon energy region.
when the acetylenic unit is between two thiophene rings, i.e., Inthe experimental C K-edge spectrum, the three main low-
TRIM, we compute shifts of-0.51 and—0.44 eV. energy features, labeled in Figure 6 from “a” to “c”, appear at
S2P PE Spectrahe experimental PE S 2p spectrum showing 284.8, 285.4, and 285.7 eV with a partial overlap among them.
fully resolved spir-orbit split 3/2 and 1/2 core levels is reported  On the basis of calculation, these three resonances are assigned
in Figure 3. The peak shape is asymmetric with an fwhm of to contributions coming from £and G, C; and G, and G
0.50 eV for both the S 2p and S 2p, components; the energy ~ and G, respectively. The first two transitions are due to in the
gap is 1.20 eV. The observed width is larger than the total molecular plane transitions'(aC 1s— z*), while the third
instrumental broadening (estimated to be less than 240 meV)one is due to out of the molecular plane transitiorisGals—
because of the core-hole lifetime, the vibrational excitations, 7*) (see Figure 6 and Table 2).
and the molecular field splitting. OURSCF calculations for A careful comparison between the simulated,g§Cand
DET gave IE values of 170.52 and 170.60 eV for ionization experimental spectra shows that the relative positions of the
from the perpendicular and in the molecular plané @gitals, first three z* features produce a rather different overall
respectively, corresponding to a molecular field gap of 0.08 eV. appearance in the C K-edge spectrum, although the relative
The measured S 2p12€energy gap is in good agreement with energy differences are 0.2 eV at maximum. These slight
previous reports. For thiophene in the gas phase, Geliak*® differences in the energy position of the features can be
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Figure 4. Total-ion-yield (NEXAFS) C K-edge experimental spectrum of DET vapor.
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four inequivalent carbon atoms {CCs, Cs, and G) of DET, convoluted the bar diagram, indicating the energy position and intensity of the
in the low-energy region with 0.40 eV fwhm Gaussian functions. The main STEX transitions; the assignments of the four carbon atoms and
sum of the four K-edge spectra is denoted. CArrows mark the the symmetry of the transitions, namely, in the molecular plae (
positions of the core ionization thresholds. and out of the molecular plan&’(), are also reported. The absolute

values of the oscillator strengths (bars) are reported in Table 2. For an
easier comparison, the figure also reports the C K-edge experimental
partially due to the approximations in the calculation of the IE spectrum for the low-energy region.
values of the C 1s levels, as previously discussed in C 1s PE
Spectra. Furthermore, the presence of vibrational progressionghe experimental spectrum are assigned te-Is* core electron
in the transition, not taken into account in the calculations transitions by carbon atoms with mostly double bond character
presented here, can affect the shape of the total spectrum, agnd triple-bond plus €S carbons, respectively, while the “c”
we have already discussed for 2-mercaptobenzox&2&lem feature is assigned to s r* core electron transitions by carbon
this point of view, the convolution with a single Gaussian atoms with fully triple bond character.
function of fixed fwhm over the entire energy range, a procedure  Higher-energy structures found in the theoretical spectrum
that we usually adopt for an easier comparison with the are caused by an overlapping between transitions derived from
experimental data, can also be, on the contrary, misleading.different carbon atoms; however, the two features computed at
Despite the apparent differences between experiment and theory~289.2 and~289.8 eV are mainly due to sC(out of the
in the totalz* intensity distribution, transitions “a” and “b” of molecular plane symmetrg') and G (in the molecular plane
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Figure 7. Total-ion-yield S L-edge experimental spectrum of DET vapor.

symmetry,a’), respectively. By experiment, we find a broad the C 1s electrons into the LUMO by both theandf-carbons,
envelope that shows the presence of these two structures.  while the resonance at 287.6 eV was considered to be due to
The spectral feature “e” experimentally detected at 287.4 eV superposition of excitation to the second orbital and the

is believed to originate from the contribution by tbe (C—S Co—S o* orbital; these authors also remark that the feature at
bond). 289.5 eV should be considered a mixed valence Rydberg
For thiophene in the gas phase, Hitchcogkall? have excitation.

detected only one primary* resonance at 285.4 eV derived Sulfur L-Edge.The S Ly zedge total-ion-yield (NEXAFS)
from botho- andg-carbons (G-S and C-C bonds); one feature  experimental spectrum is displayed in Figure 7. The lower-
at 287.1 eV was assigned to overlapping betweerfC—S photon energy region of the spectrum is reported in more detail
bond) andr* (C—C bond), and the shoulder at 288 eV and the in the top panel of Figure 8. The spectrum shows several features
feature at 289.3 eV were assigned to the transition to the 3pat 165.5 eV, very pronounced features at 166.6, 167.4, 168.2,
and 4p levels, respectively. Our experimental (computed) data168.5, and 169.5 eV, a shoulder-al71 eV, and a prominent
are generally in agreement with these assignments; howeverand broad feature at 173.9 eV. Considering the chemical
the differentiation derives from the presence of two ethynyl structure of DET, and taking into account the two contributions
groups bonded to thiophene, in the present case of DET, whichat this absorption edge, arising by the two sulfur 2p sublevels
gives rise to several additional contributions, highlighted in the 3/2 and 1/2, we can tentatively assign the first spectral feature
main low-photon energy region with two extra features found to an S 2p, o* resonance, while the second sharp and strong

at 284.8 (transition “a”) and 285.7 eV (transition “c”). feature should be seen as a superposition oftth82ps, and

Cs and G belonging to the ethyne groups give rise to tite o* S2py» resonances.
level splitting. We have already discussed such an éffétas The S L-edge-computed spectrum, convoluted with a Gauss-
being derived by the reduced symmetry of the acetylene ian function (fwhm= 0.40 eV), is reported in Figure 8. The
molecule when it is bonded to thiophene. Thé& orbitals, full spectrum is shown in the bottom panel, while in the middle

degenerate in the isolated acetylene molecule, will interact panel, the lower-energy region is highlighted together with the
differently with the electron distribution of the thiophene ring bar diagram, describing the energy position and intensity of the
and can be expected to spawn two energy-separated orbitalsmain transitions (also reported in Table 2). The arrows mark
The strong coupling of the electron systems of the ring and the position of the core ionization thresholds for the $,2p
substituent leads to the shift and splitting of the single strong (bottom) and S 2p, (top) channels. For an easier comparison,
m* peak observed in spectra of the subunit. This effect is clearly in the top panel, the S L-edge experimental spectrum is reported
shown in the calculated spectra for these two carbons, where afor the lower-energy region with labeling of the features from
splitting of approximately 0.6 eV goes together with a significant “a” to “g”.
variation in intensity, which can be rationalized in terms of On the theoretical spectrum, obtained as a sum of both S
delocalization of the virtual orbitals. Lspand Ly, absorption edges, several features appear at 166.5,
In the theoretical spectrum, the continuum region does not 167.7, 168.6, and 169.5 eV and a weak feature at 170.7 eV,
show any feature above the discussed resonances, although iabove the threshold, a broad feature is centered above 176 eV.
the C K-edge experimental spectrum, several observable featured he first feature, at 166.5 eV, is fully derived by thgJlevel
markedly resemble those of thiophed&tructures are detected  with an out of the molecular plan&’() symmetry, while the
at 293, 296, and 302 eV, and a weak structure is detected atsecond one at 167.7 eV is almost completely due to the L
309 eV. According to the molecular structure and literature level with a symmetry in the molecular plang)(with a very
references, we tentatively assign the features at 293 and 296small contribution from the replica of the 166.5 eV transition
eV to theo* C—C bond, the broad structure at 302 eV to the due to the L level. Higher-energy features make contributions
o* C=C bond, and the weak feature at 309 eV to*aC=C to both Lg, and Ly, levels with a predominant symmetry in
bond. Vaterlairet al!® discussed the C K-edge spectrum for the molecular planea().
thiophene and also a bithiophene multilayer condensed on Ag- The S L-edge theoretical spectrum is in good agreement with
(111) in conjunction with X-SW calculation data. One main  the experimental one relative to the first two resonances,
feature was reported at 285.9 eV and assigned to excitation ofallowing a clear assignment for these two transitions. However,
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a similar feature for the thiophene and "2hhiophene solid
multilayer which was assigned to a transition into the 3bl
(LUMO) orbital. These authors made also some consideration
regarding the intensity of this excitation that is dominant in the
C K-edge spectrum, and very weak in the sulfur spectrum,
concluding that the LUMO possesses predominant 3p character
at the sulfur atom.

""""" AL A AL AL Conclusions
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. ] DET h of gas-phase diethynylthiophene has been reported as determined
] S L-edge ; experimentally by synchrotron radiation excitation and by

calculated spectrum ] calculation.
The photoelectron spectra at the C 1s and S 2p core levels

and the total-ion-yield (NEXAFS) spectra at the C K-edge and

g .1 WA erebetbs rorreibedeeritds I O TTR S L-edge have been experimentally determined. Calculations
s_z 165 166 167 168 169 170 171 172 173 have been carried out in an effort to obtain the ionization
T AL LA L MR L LA L LA L ML L ML LA potentials for the C 1s and S 2p core levels byAIRCF method
o] 1 and the X-ray absorption cross sections at the C K-edge and S
] L-edge by the STEX method.
1 The assignment of the peaks requires the explicit consider-
2 DET 1 ation of the interaction of the two different subunits, thiophene
S L-edge ] and acetylene. The results give a complete picture of the
1 ‘ ‘ calculated spectrum 1 electronic charge perturbation at the and -carbon atoms
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164166168170172174176178 180182 184186 188 190192194 caused by linking two acetylenes to the thiophene ring.

A general good agreement is observed by comparing experi-
mental and theoretical results, allowing the correct assignment
of the experimental features for the C 1s core levels and the C
K-edge and S kzedge NEXAFS spectra.

Photon energy (eV)

Figure 8. S L-edge spectrum calculated by the STEX method for DET
convoluted in the low-energy region with 0.40 eV fwhm Gaussian
functions. In the middle panel, the low-energy region is highlighted
together with the bar diagram, showing the energy position and intensity
of the main STEX transitions. The absolute values of the oscillator ~ Acknowledgment. G.P. and V.C. thank Italian MIUR and
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