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The binding energy spectra and electron momentum distributions for the complete valence orbitals of
ethanethiol were measured for the first time by binary (e, 2e) electron momentum spectroscopy employing
non-coplanar symmetric kinematics at an impact energy of 1200 eV plus binding energy. The experimental
results are generally consistent with the theoretical calculations using density functional theory and HartreeFock methods with various basis sets. A possible satellite line at 17.8 eV in binding energy spectrum was
observed and studied by electron momentum spectroscopy.
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experimental momentum distributions for all valence
orbitals have been obtained and the results are compared with theoretical calculations by using HartreeFock and density functional theory (DFT) methods
with various basis sets up to aug-cc-pVDZ.

I. INTRODUCTION

Electron momentum spectroscopy (EMS) has been
used extensively for investigations of electronic structures of atoms, molecules and condensed matter in the
last three decades [1-3]. Basically two types of information can be obtained by EMS: binding energy spectra (BES) over a wide energy range usually covering
the complete valence shell, and angular distributions
of (e, 2e) cross section for individual transitions giving
rise to the peaks in BES. Within the plane wave impulse approximation (PWIA) and the target HartreeFock (THFA) [1] or target Kohn-Sham approximation
(TKSA) [4], this measured (e, 2e) cross section is proportional to the spherically averaged momentum distribution of a specific molecular orbital (MO).
Ethanethiol (C2 H5 SH) has been used for many years
in the gas industry as warning agents to protect against
explosions, fires, and other hazards by giving a distinctive odor. As a fundamental mercaptan, ethanethiol
has been the subject of several experimental studies including He I photoelectron spectroscopy (PES) [5,6],
microwave spectra [7-9], far-infrared spectra [10], and
Raman spectra [11].
The only previous EMS study on ethanethiol has
been reported by Takahashi et al. together with several other molecules [12]. In their work, the authors
concentrated on revealing the delocalization characteristics of the highest occupied sulfur lone pair orbitals by
comparing the experimental momentum profiles (XMP)
with the calculated momentum profile for atomic sulfur
3p orbital.
In this work, EMS study on the complete valence shell
of ethanethiol is reported for the first time. Individual

II. EXPERIMENTAL AND THEORETICAL
BACKGROUND

EMS is based on the high-energy electron impact single ionization process. An incident electron with energy
E0 causes the target molecule to be ionized. By detecting the two outgoing (scattered and ionized) electrons
in coincidence, the kinematics of the reaction can be
completely determined. Under symmetric non-coplanar
geometry, in which the two outgoing electrons are selected to have equal energies (E1 =E2 ), equal polar angles (θ=θ1 =θ2 =45◦ ) and a varying relative azimuthal
angle φ, the magnitude of the target electron momentum is given by
·
µ
¶2 ¸1/2
φ
p = (2p1 cos θ − p0 )2 + 2p1 sin θ sin
2

where p0 is the momentum of the incident electron and
p1 is the momentum of the outgoing electrons. Within
several approximations, including the binary encounter
approximation, the plane wave impulse approximation
(PWIA), and the target Hartree-Fock approximation
(THFA), the triple differential cross-section for randomly oriented molecule is given by [1-3]
Z
(f)
2
σEMS ∝ Si
(2)
dΩp |ϕi (~
p)i
where |ϕi (~
p)i is the one-electron canonical HF wave
function in momentum space for the ith orbital from
(f)
which the electron is ionized. Si is the spectroscopic
factor (also known as the pole strength), which is the
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probability of producing a one-hole configuration in the
(f)
final ion state f . Estimates of Si values for a certain
transition can be obtained from a comparison of the relevant calculated and experimental cross sections. The
wave function |ϕi (~
p)i is the Fourier transform of the
more familiar one-electron position space orbital wave
function |ϕi (~r)i.
The triple differential cross-section has been reinterpreted [4] more recently within target Kohn-Sham
approximation (TKSA) by simply replacing the canonical Hartree-Fock orbital in Eq.(2) with the momentum
space Kohn-Sham orbital ϕKS (~
p). We then have
(f)

(core)

2

dΩp |ϕKS
p)i
i (~

(3)

The integrals in Eqs.(2) and (3) are known as the spherically averaged one-electron momentum distributions,
i.e. electron momentum profiles. The theoretical momentum profiles (TMPs) for the valence orbitals of
ethanethiol were calculated using THFA and TKSA.
The corresponding position space canonical HF− or KSDFT orbital wave functions were calculated employing 6-31G, 6-311G, 6-311++G**, cc-pVDZ, and augcc-pVDZ basis sets using GAUSSIAN 98W [13]. The
Fourier transform was subsequently applied to obtain
the momentum space wavefunctions. The DFT calculations were performed using the B3LYP hybrid functional. The geometry of ethanethiol was adopted from
microwave spectroscopy [9] and optimized by B3LYP/6311++G**.
The details of the spectrometer have been given elsewhere [14]. Briefly, it consists of an electron gun, a reaction chamber, two hemispherical electron energy analyzers each having a five-element cylindrical retarding
lens and a one-dimensional position sensitive detector.
One analyzer is kept fixed while the other one can be
rotated over an azimuthal angle range from –30◦ to 30◦ .
An incident electron energy of 1.2 keV plus binding energy was employed and the coincident energy resolution
and the momentum resolution of the spectrometer were
determined to be 1.3 eV (in full width at half maximum) and 0.15 a.u. by measuring argon 3p ionization.
The gas sample of C2 H5 SH with 97.0% purity was used
without further purification. No impurities were evident in the binding energy spectra.

III. RESULTS AND DISCUSSIONS

C2 H5 SH coexists in two conformers: gauche and
trans. The population ratio of the trans and gauche
conformers at room temperature was determined to be
1:4 [12].
The gauche conformer has C1 symmetry point group,
and its ground state electronic configuration can be
DOI:10.1088/1674-0068/21/06/515-520
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while the trans conformer has Cs symmetry point group,
and its ground state electronic configuration can be
written as
(core)

Z
σEMS ∝ Si

written as
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A. Binding energy spectra

Sixteen binding energy spectra over the energy range
of 7-30 eV which covers seven outer valence orbitals and
three inner valence orbitals were collected at the outof-plane azimuth angles 0◦ , 1◦ , 2◦ , 3◦ , 4◦ , 5◦ , 6◦ , 7◦ , 8◦ ,
9◦ , 11◦ , 13◦ , 15◦ , 17◦ , 21◦ , and 24◦ in a series of sequential repetitive scans. Data for 0◦ , 7◦ , and the sum of all
φ are shown in Fig.1. The BES are fitted with a set of
individual Gaussian peaks corresponding to the ionizations from individual MOs numbered 8-17 as indicated
by dashed lines, while the overall fitted spectra are represented by the solid lines. The widths of the peaks are
the combinations of the present EMS instrumental energy resolution and the corresponding Franck-Condon
widths derived from the high resolution PES [5]. The
positions of the peaks for outer valence orbitals are also
determined by high resolution PES [5] with tiny adjustments to compensate for the asymmetry of the FranckCondon profiles. The BES for inner valence orbitals
in the energy range from 19 eV to 29 eV are obtained
for the first time. The ionization potentials are determined to be 20.6, 22.9, and 25.6 eV by fitting Gaussian
peaks to the experimental data. A satellite structure
at 18.0 eV was identified by PES work [6]. In order to
best fit the present experimental BES, a Gaussian peak
at about the same position should also be included and
indicated by ‘s’ as shown in Fig.1.
The experimental ionization potentials obtained by
PES measurements [5,6] and present EMS work, together with the calculated results by outer valence
Green’s function (OVGF) methods for two conformers
of ethanethiol, are listed in Table I. As can be seen, the
ionization potentials for the two conformers have nearly
the same values for each corresponding MO and therefore contribute to the same ionization peaks in BES.
The pole strengths for outer valence orbitals are also
obtained by OVGF and listed in brackets in Table I.
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TABLE I Ionization potentials for valence orbitals of ethanethiol (pole strengths are listed in brackets).
MO
17
16
15
14
13
12
11
s
10
9
8
a

Orbitals
Gauche
17a
16a
15a
14a
13a
12a
11a
10a
9a
8a

Trans
4a00
13a0
3a00
12a0
11a0
10a0
2a00

PES [5]
9.29
11.59
12.61

PES [6]
9.36
11.65
12.59
13.38
14.17
15.28
16.06
∼18.00

9a0
8a0
7a0

Ionization potentials/eV
EMS
Gauchea
9.3
8.86 (0.92)
11.6
11.33 (0.91)
12.5
12.61 (0.91)
13.3
13.22 (0.91)
14.1
13.94 (0.90)
15.4
14.89 (0.90)
16.4 (0.90)
15.91 (0.90)
17.8
20.6
22.9 (0.60)
25.6 (0.50)

Transa
8.84 (0.92)
11.4 (0.91)
12.7 (0.91)
12.96 (0.91)
13.61 (0.90)
15.49 (0.90)
15.75 (0.90)

Calculated resulted by OVGF/6-311++G**.

FIG. 1 Binding energy spectra for ethanethiol at (a) the
sum of all angles, (b) φ=0◦ , and (c) φ=7◦ . The dashed lines
represent Gaussian fits to the peaks and the solid curve is
the summed fit.

B. Experimental and calculated momentum distributions

The XMPs are extracted by deconvoluting the same
peak from the sequentially obtained binding energy
spectra at different φ and plotting area under the corresponding fitted peaks as a function of momentum p
(i.e. φ). Since ethanethiol coexists in two conformers,
the Boltzmann-weighted abundances should be taken
DOI:10.1088/1674-0068/21/06/515-520

into account when comparing the XMPs with theoretical calculations. The population ratio of the trans and
gauche conformers at room temperature has been determined to be 1:4 [12], thus all the TMPs in the following discussions are the summation of the respective
TMPs, 20% for the trans and 80% for the gauche conformers. Furthermore, the XMPs and TMPs are placed
on a common intensity scale by normalizing the XMPs
for HOMO (MO17, well resolved in BES) of ethanethiol
and all the TMPs have been convoluted by the instrumental momentum resolution of 0.15 a.u. by utilizing
the Gaussian-weighted planar grid method (GWPG)
[15].
Although 11 Gaussian peaks corresponding to the
ionizations from all the individual valence orbitals are
fitted to the BES (including one peak for satellite structure at 17.8 eV), some of the bands can not be well
resolved due to the small energy spacing and the low
energy resolution of the spectrometer. In such a case,
the individual momentum profiles are scattered and not
reliable. Therefore, only the summed momentum profiles will be presented in this work.
In Fig.2(a), we compare the XMP for HOMO
(MO17), corresponding to the ionization band at 9.3 eV
in BES, with the TMPs. It is immediately apparent
from Fig.2(a) that the XMP for this orbital is “p-type”
in nature, confirming the previous EMS conclusion [12]
that this orbital is characterized as a sulfur lone pair
orbital. The level of agreement, within the experimental uncertainties on the data, between XMP and TMPs
is fair. All the calculated momentum profiles reproduce
the shape of XMP. Except for the low quality basis set
of 6-31G and basis set of cc-pVDZ with no diffuse function added, all the calculations describe the experiment
well. It can be expected that TMP calculated with
B3LYP/cc-pVDZ predict a momentum profile shifted
to the larger momentum region. Since the high momentum region roughly corresponds to the area close
c
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FIG. 2 Experimental and theoretical momentum profiles for HOMO of ethanethiol. 1: B3LYP/aug-cc-pVDZ, 2: B3LYP/ccpVDZ, 3: B3LPY/6-311++G**, 4: B3LYP/6-311G, 5: B3LYP/6-31G, 6: HF/aug-cc-pVDZ, and 7: HF/6-311++G**.

to nuclei in coordinate space, therefore without a diffuse function added, the cc-pVDZ basis set will predict
a more compacted electron distribution in coordinate
space and hence a more expanded momentum distribution, as is the case for this orbital.
As for the next orbital (MO16) with binding energy
of 11.6 eV, it is dominantly characterized by a C–S σ orbital and the XMP exhibit mainly “s-type” (maximum
density at p=0) mixed with “p-type” (a secondary maximum with lower intensity at about p=0.9 a.u.) profile
as shown in Fig.2(b). Among all the calculated momentum profiles, B3LYP/aug-cc-pVDZ best describes
the XMP, not only predicting the positions of maximum but also the intensity of the profile. All the other
calculations underestimate the intensity in the low momentum region. The calculation with cc-pVDZ basis
set again fails to reproduce the experiment, predicting
a lower intensity in the low momentum region and a
higher intensity in the second maximum region.
As we have mentioned, the next three orbitals (MO15
to MO13) have close values of ionization potentials and
are beyond the resolving ability of the present instrument. Therefore, only the summed XMP are presented
in Fig.2(c). All the calculations roughly reproduce the
experiment, except three points, one at p=0.33 a.u.
where the experimental data has much higher intensity,
and two at p=0.90 and 1.06 a.u. where measurements
DOI:10.1088/1674-0068/21/06/515-520

have obvious lower intensity. The deviations may due
to the deconvolution procedure. We only include the
statistical errors for experiment data in this article; if
the deconvolution errors are considered, this deviation
is not surprising for these small energy spacing ionization bands.
Figure 2(d) shows the XMP for MO12 at 15.4 eV in
BES. Although the small energy spacing of this ionization band from the adjacent ones makes the data rather
scattered, the XMP exhibit an “sp-type” character with
two maxima of electron density at p=0 and p≈0.7 a.u.
as theoretical calculations predicted. However, the large
deconvolution errors make the evaluation of theoretical calculations rather difficult. Among all the TMPs,
the one calculated by B3LYP/cc-pVDZ mostly severely
overestimates the experiment.
The XMP for MO11 at binding energy of 16.4 eV is
shown in Fig.2(e). The experimental intensity is somewhat weaker in strength than what is expected in the
relevant calculated momentum profiles, thus indicating
that there must be further intensity of the ionization
from this orbital to be found elsewhere in the binding energy spectra. The agreement between XMP and
TMPs becomes better when the calculated results are
scaled by a factor of 0.90 (shown as solid curve labeled
with 1×0.90), representing the spectroscopic factor for
the ionization state at binding energy of 16.4 eV.
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FIG. 3 Experimental momentum profile for the satellite
structure at 17.8 eV (solid circles). The dashed curve is
the theoretical momentum profile for MO11 scaled by a factor of 0.10. The solid curve is the summation of 10% of
theoretical momentum profile for MO11 and 15% of that for
MO10.

FIG. 5 Experimental momentum profile for MO9 (a) and
MO8 (b) of ethanethiol (solid circles). The solid curve is
the theoretical momentum profile while the dashed curve is
scaled by a factor of 0.60 (a) and 0.50 (b).

FIG. 4 Experimental momentum profile for MO10 of
ethanethiol (solid circles). The solid curve is the theoretical momentum profile while the dashed curve is scaled by
a factor of 0.85.

As we mentioned above, a satellite structure at
18.0 eV was identified by PES work [6]. In order to
best fit the present experimental BES, a Gaussian peak
at 17.8 eV should also be included. The XMP for this
band is shown in Fig.3. The missing pole strength for
the ionization of MO11 is most likely to be found in
this satellite structure. However, some 10% intensity of
TMP (calculated by B3LYP/aug-cc-pVDZ) for MO11
(shown as dashed curve in Fig.3) is not enough to describe the experiment, not only in shape but also in
intensity. We noticed in BES that it is possible for
this ionization band to be contaminated by the adjacent ionization band for MO10 whose Franck-Condon
profile width is considerably large. The XMP for MO10
is presented in Fig.4. This is the outermost inner valence orbital of ethanethiol. It can immediately be inferred from Fig.4 that the XMP is somewhat weaker in
DOI:10.1088/1674-0068/21/06/515-520

strength than the TMP (calculated by B3LYP/aug-ccpVDZ). The fair agreement can be approached when
the TMP is scaled by a factor of 0.85, indicating that
some 15% intensity is missing. The missing intensity
can be found in the XMP for the aforementioned satellite structure probably due to the deconvoluting contamination. By adding 15% of TMP for MO10 (solid
curve in Fig.3), a fair agreement can be obtained.
The XMPs for the two innermost ionization bands located at 22.9 and 25.6 eV, corresponding to the two inner valence orbitals MO9 and MO8, are shown in Fig.5.
The XMP for MO9 is “p-type” in nature, while the
XMP for MO8 is “s-type”. It is apparent from Fig.5
that both XMPs are much weaker in strength than the
TMPs (calculated by B3LYP/aug-cc-pVDZ), indicating the significant final state correlation effects. An
agreement between the XMPs and the TMPs can be
achieved when the calculated results are multiplied by
factors of 0.60 and 0.50 (shown as dashed curves) respectively, representing the experimental spectroscopic
factors for the ionization states at binding energies of
22.9 and 25.6 eV. Significant intensity can be observed
in the energy range larger than 27 eV in BES, which
could be contributed to the missing pole strengths for
ionizations from the two innermost valence orbitals.
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IV. CONCLUSION

The binding energy spectra and electron momentum distributions for the complete valence orbitals
of ethanethiol (C2 H5 SH) were studied by binary (e,
2e) electron momentum spectroscopy employing noncoplanar symmetric kinematics at impact energy of
1.2 keV plus binding energy. The binding energy spectra for inner valence orbitals in the energy range from
19 eV to 29 eV are obtained for the first time. The
ionization potentials are determined to be 20.6, 22.9,
and 25.6 eV by fitting Gaussian peaks to the experimental data. The experimental momentum profiles
for the valence orbitals of ethanethiol are compared
with the theoretical momentum profiles calculated using HF and B3LYP method with 6-31G, 6-311G, 6311++G**, cc-pVDZ, and aug-cc-pVDZ basis sets. Basically, B3LYP/aug-cc-pVDZ best reproduced the experiments, while the calculations employing cc-pVDZ
basis sets with no diffuse functions failed to describe the
measured results. Significant final state correlation effects were observed and the spectroscopic factors for the
ionization transitions for the two innermost valence orbitals are experimentally determined. A satellite structure at 17.8 eV in BES was confirmed by comparison of
the experimental momentum profile with the theoretical calculations.
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