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Abstract

We report here the first measurements of the complete valence shell binding energy spectra and the outer valence orbital momen-
tum profiles of thiophene, using a high resolution binary (e, 2e) electron momentum spectrometer, at an impact energy of 1200 eV
plus the binding energy and using symmetric non-coplanar kinematics. Binding energy spectra of the complete valence shell have
been obtained. The summed experimental momentum profile of the HOMO 1la, and NHOMO 3b; is compared with the theoretical
momentum distributions calculated using Hartree-Fock and density functional theory methods with various basis sets. The exper-

imental measurement is well described by the calculations.
© 2004 Elsevier B.V. All rights reserved.

1. Introduction

Thiophene (C4H4S) is a five-membered aromatic het-
erocyclic molecule which is similar to furan and pyrrole.
These three molecules play an important role in such
industrial processes as the synthesis of biologically ac-
tive compounds, and in the manufacture of pesticides
and inorganic polymers [1]. Thiophene’s oligomers and
polymers can be used in material science as active layers
in semiconductor-like devices [2], and furthermore, thio-
phene forms the basis for a series of heterocyclic com-
pounds of importance in chemistry. Hence, thiophene
has been widely studied not only by Hel and Hell pho-
toelectron spectroscopy (PES) [3-5], X-ray PES [6,7],
UV PES [8], synchrotron radiation [1,9], Penning ioniza-
tion electron spectroscopy (PIES) [4,10], but also by the
theoretical works [3,7,11]. Three doubly occupied =

* Corresponding author. Fax: +861062781604.
E-mail address: djk-dmp@mail.tsinghua.edu.cn (J.K. Deng).

0009-2614/$ - see front matter © 2004 Elsevier B.V. All rights reserved.

doi:10.1016/j.cplett.2004.11.033

molecular orbitals (denoted m;, m,, 73) are formed from
four p-electrons donated by the carbon atoms together
with the lone-pair from the heteroatom. The two least
tightly bound of the m molecular orbitals namely m,
(3b; in thiophene) and 73 (1a, in thiophene) are delocal-
ized and constitute the two outermost orbitals in thio-
phene [1].

Electron momentum spectroscopy (EMS), also
known as binary (e, 2e) spectroscopy, has been demon-
strated to be a unique chemical probe [12]. It can effec-
tively image outer valence orbital electron densities and
provide direct experimental information on the nature
of electron transfer processes which are important in
bonding and reactivity. The other two important five-
membered aromatic heterocyclic molecules furan and
pyrrole have been researched by EMS [13,14], but no
EMS study of thiophene has been reported to our best
knowledge. In this Letter, we report the complete bind-
ing energy spectra (5-37¢eV) of thiophene and the
summed momentum profile of its HOMO and NHOMO
(la, + 3b;). The frontier orbitals are the most important
for many chemical and physical properties [15]. The
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experimental momentum profile (XMP) is compared
with the Hartree-Fock (HF) and density functional the-
ory (DFT) calculations.

2. Theoretical background

In a binary (e, 2e) experiment using symmetric non-
coplanar scattering geometry, the scattered and the
ionized electrons are detected at the same kinetic ener-
gies and the same polar angles. Under the conditions
of high impact energy and high momentum transfer,
the collision mechanism is very simple in that the ion-
ized electron essentially undergoes a clean ‘knock-out’
collision. In this situation, the plane wave impulse
approximation (PWIA) provides a very good descrip-
tion of the collision [16]. In the PWIA, using symmet-
ric non-coplanar geometry, the kinematic factors are
effectively constant, then the EMS cross-section for
randomly oriented gas-phase molecules could be given
[16] by

R / dQ|(pwy )|, (1)

where p is the momentum of the target electron state
prior to electron ejection, and |¥}~') and |¥)) are the
total electronic wavefunctions for the final ion state
and the target molecule ground (initial) state, respec-
tively. The JdQ represents the spherical average due to
the randomly oriented gas phase target. The overlap of
the ion and neutral wavefunctions in Eq. (1) is known
as the Dyson orbital while the square of this quantity
is referred to as an ion-neutral overlap distribution
(OVD). Thus, the (e, 2e) cross-section is essentially pro-
portional to the spherical average of the square of the
Dyson orbital in momentum space.

Eq. (1) is greatly simplified by using the target Har-
tree—Fock approximation (THFA). Within the THFA,
only final (ion) state correlation is allowed and the
many-body wavefunctions |¥Y ') and |¥Y) are approx-
imated as independent particle determinants of ground
state target HF orbitals in which case Eq. (1) reduces to

OEMS MS;/dQ‘%(P)‘Zv (2)

where /,(p) is the one-electron momentum space canon-
ical HF orbital wavefunction for the jth electron, corre-
sponding to the orbital from which the electron was
ionized. The quantity §/ is the spectroscopic factor or
pole strength and is the probability of the ionization
event producing a (zﬁj)*1 one-hole configration of the fi-
nal ion state, |?¥~"). The estimated value of S/ can be
obtained from a comparison of calculated and experi-
mental cross-section. The integral in Eq. (2) is known
as the spherically averaged one-electron momentum dis-
tribution. To this extent, EMS has the ability to image

the electron density in individual ‘orbitals’ selected
according to their binding energies.

Alternatively, using the target Kohn—Sham approxi-
mation (TKSA) of DFT [17] and the associated (corre-
lated) Kohn-Sham orbital (KSO) wave function
lﬂfs(p) the cross-section becomes

OEMS X S{/dQ '//:(S(P)‘ (3)

It should be noted that accounting of electron corre-
lation effects in the target ground state is included in the
TKSA via the exchange correlation potential. A more
detailed description of the TKSA-DFT method may
be found elsewhere [17].

In present work, the calculations of thiophene have
been carried out at the ab initio level, using the
GAUsSIAN 98W program together with the HEewms
program developed by UBC. The geometry of thio-
phene [18-20] has been used for all the calculations.
In order to compare the calculated cross-sections with
the experimental electron momentum profiles, the ef-
fects of the finite spectrometer acceptance angles in
both 0 and ¢(A0=20.6° and A¢ = £1.2°) were in-
cluded wusing the Gaussian-weighted planar grid
(GW-PG) method [21].

2

3. Experimental

Details of the present EMS spectrometer have been
described in earlier publication [22]. Briefly, incident
electrons with an energy of 1200 eV plus binding energy
are produced by an electron gun and ionize the target
molecules. The two outgoing electrons emerging at
0 = 45° are energy analyzed by two hemispherical elec-
tron energy analyzers and detected at 600 eV. By com-
bining the energy analyzers with one-dimension
position sensitive detectors, multi-channel EMS were
carried out over a momentum range between 0.1 and
2.0 a.u. The energy resolution was determined to be
1.20eV (FWHM) and the momentum resolution was
estimated to be 0.1 a.u. by a measurement on the Ar
3p orbital. The sample of thiophene (=98.0% purity)
was used without further purification other than
freeze—thaw cycles which used to remove dissolved air.
No impurities were evident in the binding energy
spectra.

4. Results and discussion

Like the furan and pyrrole, thiophene has C,, sym-
metry. According to molecular orbital theory, the
ground state electronic configuration can be written as
[1.9]
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The valence shell contains 13 molecular orbitals and
can be divided into two sets of three inner-valence and
10 outer-valence orbitals.

In order to obtain the experimental momentum pro-
files, 11 binding energy spectra over the energy range of
5-37 eV were collected at the out-of-plane azimuth an-
gles ¢ =0°, 1°, 2°, 3°, 5°, 7°, 9°, 11°, 13°, 15° and 20°
in a series of sequential repetitive scans. Fig. 1 shows
the binding energy spectra of thiophene in the range
5-37 eV for measurements at ¢ =0° and ¢ = 7° (inci-
dent energy of 1200 eV plus the binding energy). The
spectra in Fig. 1 were fitted with a set of individual
Gaussian peaks. The fitted Gaussians for individual
peaks are indicated by dashed lines while their sums
are represented by the solid lines. The widths of the
peaks are combinations of the EMS instrumental energy
resolution and the corresponding Franck—Condon
widths derived from high resolution PES data [1], and
the relative energy values of the peaks are given by the
relative ionization energies determined by high resolu-
tion PES. The binding energy spectrum in Fig. 1a, ob-
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Fig. 1. Valence shell binding energy spectra of 1200 eV for thiophene
at (a) ¢ =0° and (b) ¢ =7°. The dashed and solid lines represent
individual and summed Gaussian fits, respectively.

tained at the azimuthal angle ¢ = 0°, corresponds to a
momentum p ~ 0.05 a.u., and it is therefore dominated
by ‘s-type’ symmetric orbitals, which have a maximum
cross-section at p =0. Those orbitals having ‘p-type’
characteristics, i.e. antisymmetric in position space and
hence, having a cross-section minimum at ¢ = (0°, are
more prominent in Fig. 1b, which was taken at the azi-
muthal angle ¢ = 7° (p = 0.6 a.u.). The relative intensi-
ties in the ¢ = 0° and ¢ = 7° spectra reflect the different
symmetries of the valence orbitals of thiophene.

The average vertical ionization potentials (IPs) of the
1&2 + 3b1, 1131 + 2b1 + 7b2 + 1031 + 6b2, 931 + sz, and
8a; outer orbitals are determined by the present EMS
measurement to be 9.2, 12.9, 16.6 and 18.4 eV, respec-
tively. The vertical IPs of the 7a;, 4b, and 6a, inner va-
lence orbitals are determined to be 20.2, 22.2 and
26.3 eV. In addition, some rather weak satellite struc-
tures due to many-body correlation effects in the target
or in the residual ion final states are also observed above
30.7 eV in the binding energy spectra. This satellite is
likely due to ionization from 6a; orbital [9]. The IPs of
five orbitals 1la;, 2b;, 7b,, 10a;, 6b, are very close
and bands due to these orbitals have not been clearly re-
solved even in high-resolution PES [1,9]. The same is
true of the next two orbitals 9a; and 5b,. The differences
in FWHM are due to the vibrational broadening of the
lines.

The experimental momentum profiles are extracted
by deconvolution of the same peak from the sequentially
obtained binding energy spectra at different azimuthal
angles [16]. In order to compare the experimental
momentum distributions with the theoretical ones, we
need one normalization factor common for all bands.
Usually, this normalization factor is determined by nor-
malizing the experimental and theoretical momentum
distributions of the outermost valence ionization to the
common intensity scale, since the outermost valence ion-
izations are expected to exhibit pole strength close to
unity. In this work, the observed band areas in the outer
valence between 5 and 20 eV at all measured ¢ have
been summed up, and then normalized to the sum of
the theoretical momentum profiles (TMPs) of the outer
valence orbitals calculated using the DFT-B3LYP meth-
od and the aug-cc-pVTZ basis set.

The experimental sum of the first peak, as indicated
in Fig. 1, corresponding to the HOMO 1a, and NHO-
MO 3b; orbitals, has been determined since they are
not well separated experimentally (the energy separation
is only ~0.65¢V). The summed XMP is compared, in
Fig. 2, with the four summed TMPs calculated using
HF (curves 1 and 2) with the 6-31G and 6-311++G**
basis sets and DFT-B3LYP (curves 3 and 4) with the
6-311++G** and aug-cc-pVTZ basis sets. The angular
resolution has been incorporated in the calculations
using the UBc RESFOLD program based on the GW-
PG method [23]. The individual theoretical momentum
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Fig. 2. Experimental and calculated momentum distributions for the HOMO and NHOMO summed orbitals (1a, + 3b;) of thiophene. The TMPs
are calculated by using Hartree—Fock (curves 1 and 2) with the 6-31G and 6-311++G** basis sets and DFT-B3LYP (curves 3 and 4) methods with
the 6-311++G#** and aug-cc-pVTZ basis sets. The individual theoretical momentum distributions of the HOMO and NHOMO, obtained using the
DFT-B3LYP method with the aug-cc-pVTZ, are shown by dashed lines. All of TMPs are scaled by a factor of 0.90.

profiles for the HOMO 1a, (curve 5) and NHOMO 3b;
(curve 6), obtained by using the DFT-B3LYP method
with the aug-cc-pVTZ basis set, are also shown in Fig.
2 under the summed momentum distributions. In order
to make the TMPs and XMP agree with each other, it is
necessary to multiply the TMPs by a factor of 0.90.
Thus, the pole strengths S/ of the 1a;! and 3b;" states
are determined to be 0.90. These are in good agreement
with the theoretical pole strength of 0.92 by Von Niessen
[3]. Some discrepancies between the TMPs and XMP in
the low momentum region can be attributed to the error
limits of the data.

5. Summary

In summary, we report the first measurements of the
outer valence la, + 3b; momentum profile of thiophene
and the complete valence shell binding spectra. The
summed experimental momentum profile of the
la, + 3b; orbital is also compared with the theoretical
momentum distributions calculated using HF and
DFT methods with various basis sets. The experimental
measurement is well described by the HF and DFT cal-
culations. In particular, the pole strengths of the HOMO
and NHOMO have been obtained and are in good
agreement with the theoretical calculation.
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