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2-Mercaptobenzothiazole (C7H5NS2) has been investigated by synchrotron radiation photoelectron spectroscopy
(PES) in the gas phase. The valence region, C 1s and S 2p photoemission spectra have been measured.
Comparison of the experimental results with theoretical ab initio calculations, performed for two possible
tautomeric forms of the molecule, shows that only the thione form is present in the gas phase. Vibrational
structure has been clearly observed in the valence photoemission spectra. In the C 1s spectrum the seven
components due to the inequivalent carbon atoms in the molecule have been assigned on the basis of ab
initio calculations. S 2p components have also been assigned. The photoemission results have been compared
with previously reported photoemission measurements for 2-mercaptobenzoxazole.

Introduction

The adsorption of 2-mercaptobenzothiazole (in the following
MBT) on metals and metal sulfides has been widely investi-
gated1-4 because this compound forms hydrophobic complexes
with many metals and therefore is used as a corrosion inhibitor
or collector for mineral flotation. Moreover, this molecule is
interesting for the formation of self-assembled monolayers on
metals5-7 due to the growing interest in these interfacial
structures based upon the spontaneous adsorption and orientation
of molecules with a reactive group which binds chemically to
the substrate and an organic part which interacts with the other
molecules.

A prerequisite for better understanding the interaction and
bond formation between the adsorbed molecules and the
substrate is the detailed knowledge of the electronic structure
of the free molecule, thus it is crucially important to identify
and study the species in the vapor phase, this being the entity
interacting with the substrate. Moreover, in the case of MBT
two tautomeric forms may exist in the vapor phase: the thione
(NH) and the thiol (SH) forms, the former with a CdS double
bond and the latter having the endocyclic double bond CdN
and the hydrogen atom bonded to the sulfur atom instead of
the nitrogen (see Figure 1). The electronic structure of the free
molecule is sensitive to the difference in the chemical structure
and allows differentiation between the two tautomers.

In this paper we report results of the first gas-phase photo-
electron investigation of MBT vapor. Valence photoelectron
spectra obtained at different photon energies are presented and
the assignment of the observed features is given on the basis of
ab initio calculations. C 1s and S 2p photoelectron spectra are
reported and discussed in comparison with previously reported
data on 2-mercaptobenzoxazole (C7H5NOS, in the following
MBO), a similar molecule with an oxygen instead of the
endocyclic sulfur.8

Experimental Section

The experiment was carried out using the ARPES end-station
of the Gas-Phase beamline at Elettra. Details of the beamline
and the experimental station have been given elsewhere.9
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Figure 1. 2-Mercaptobenzothiazole (MBT) tautomers: thione form
(NH) (left) and thiol form (SH) (right). The numbering of the carbon
and sulfur atoms is used in the text.
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Photoelectron spectra were recorded using a hemispherical
photoelectron energy analyzer (VSW, 50 mm mean radius)
operating in the constant pass energy mode. In this mode, the
electrons are decelerated to a constant kinetic energy in the
analyzer, which in turn gives a constant energy resolution. The
position of the spectrometer with respect to the polarization
vector of the synchrotron radiation could be rotated under
vacuum and was kept at the “magic angle” (54.7°) throughout
the experiment. The kinetic energy scale of the analyzer was
calibrated by introducing suitable gases (Ar, SF6) into the
ionization region together with the sample and recording a
photoelectron spectrum at the same photon energy. MBT
(Aldrich Chemical Co., Inc.), purified by repeated sublimation
cycles before use, was introduced into the ionization region by
vaporizing the solid sample under vacuum. The temperature of
the oven during the vaporization was kept constant at 90°C.
To ascertain that at the temperature used no molecule decom-
position occurs, infrared spectroscopy measurements on subli-
mated MBT were carried out, showing no modification upon
sublimation. Mass spectra showed no peaks with masses higher
than the molecular one. To prevent contamination of the
analyzer, the lenses were heated and the interaction region was
surrounded by a liquid nitrogen shield.

The ground-state equilibrium geometry and the total energy
of the neutral MBT tautomers, the thione (NH) and the thiol
(SH) forms (see Figure 1), were computed by ab initio full-
electron calculations at the MP2 level (Mo¨ller-Plesset second-
order perturbation theory) with a 6-31G* basis set using the
Gaussian 94 program.10 The SCF eigenvectors and eigenvalues
were also obtained for both molecules at the equilibrium
geometry.

The Levenburg-Marquardt nonlinear minimization algorithm
with nonapproximated Voigt functions was used in the fit of
both valence and C 1s PE spectra. The two valence spectra
recorded at different photon energies were fitted simultaneously
using the following procedure. For each valence PE spectrum
five sum functions were used to fit the five peaks. The Voigt
width parameters (Gaussian and Lorentzian) and the energy
separations between the Voigt components (vibrational progres-
sion) were used as unconstrained fitting parameters. The Voigt
width parameters were assumed equal for all components of
each sum function. The amplitudes of each Voigt peak and the
ionization energy (IE) of the first Voigt component of the sum
function were left free to change. For the two valence spectra
recorded at a different photon energy (fitted at the same time),
only the total amplitude of each of the five sum functions was
allowed to change.

Results and Discussion

Valence Photoelectron (PE) Spectrum.The experimental
valence PE spectrum of MBT vapor recorded at 21.8 and 35.0
eV photon energy is reported in Figure 2, together with the
calculated vertical ionization energies (-εMO) for the outermost
occupied molecular orbitals of both MBT tautomers (crosses).
These values, according to Koopmans’ theorem11 and its use
in the case of the ionization of closed shell systems,12 are derived
as the negatives of the molecular orbitals eigenvalues of the
HF-SCF eigenvectors obtained for the neutral molecule at the
equilibrium geometry. The energy scale was calibrated against
the argon 3p3/2 ionization peak at 15.759 eV.13 The spectrum
shows five resolved photoelectron bands at 7.91 (highest
occupied molecular orbital, HOMO), 8.28, 9.07, 9.94, and 11.01
eV, which have been recorded at 60 meV energy resolution at
both photon energies and in the spectrum measured at 35.0 eV

photon energy a group of unresolved bands at IE higher than
11 eV, recorded at lower energy resolution (100 meV).

Comparison of the experimental PE spectrum with the
theoretical ionization energies (Figure 2 and Table 1) of the
two tautomers shows better agreement of the experimental data
with the thione form (NH) than with the thiol form. In fact the
first five experimental photoemission peaks are almost evenly
distributed in energy as expected for the thione form, while for
the thiol (SH) form two groups of photoemission bands

Figure 2. Valence PE spectrum of MBT vapor obtained at 21.8 and
35.0 eV photon energy. The calculated orbital energies for the outermost
MOs of both thione (NH) and thiol (SH) tautomers are reported in the
bottom part as crosses.

TABLE 1: MBT Valence Photoemission Ionization Energies
(IE)a

MO
(NH)

-εMO

(NH)
(eV)

MO
(SH)

-εMO

(SH)
(eV)

exp.
IE

(eV)

exp.
relative
intensity

exp. area ratio
athν ) 35.0 eV
vs hν ) 21.8 eV

8a′′ 8.04 8a′′ 8.33 7.91 (v) 100 0.63
8.05 46
8.18 9

35a′ 9.07 7a′′ 8.79 8.28 (v) 100 0.27
8.42 79
8.57 35
8.72 10

7a′′ 9.42 6a′′ 10.96 9.07 (v) 100 1.00
9.19 73
9.32 41
9.44 17
9.57 3

6a′′ 10.50 5a′′ 11.47 9.94 (v) 100 1.08
10.05 63
10.16 35
10.27 15
10.38 1

5a′′ 12.23 35a′ 11.91 10.90 (a) 52 0.89
11.01 (v) 100
11.12 62
11.23 35
11.34 20

34a′ 13.50 34a′ 13.19
4a′′ 13.88 4a′′ 13.35

33a′ 14.10 33a′ 13.91

a Theoretical IE values in eV obtained by MP2/6-31G* for vertical
transitions (-εMO) with the number and symmetry of the corresponding
molecular orbital (MO) are reported for NH and SH tautomers, together
with the experimental IE values in eV and the relative intensity of the
vibrational components (a and v in brackets mean adiabatic and vertical,
respectively). The area ratio between the experimental peaks recorded
at hν ) 35.0 eV and those recorded athν ) 21.8 eV are also reported.
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separated by an energy gap are predicted. Further information
can be obtained comparing the relative intensities of the
photoemission peaks at 21.8 and 35.0 eV. As can be clearly
observed, there is a strong decrease of the relative intensity of
the photoionization cross sections of the first and second band
in changing the photon energy from 21.8 to 35.0 eV (the
intensity ratios of the first five bands measured at 35.0 and 21.8
eV are reported in Table 1). The photoionization cross section
of the S 3p atomic orbitals is expected to have a Cooper
minimum14 at about 35 eV and it decreases from 4.37 to 0.52
Mb on going from 21.2 to 35.0 eV photon energy.15 All other
valence atomic orbital cross sections, C (2s, 2p), O (2s, 2p),
and N (2s, 2p), decrease monotonically as the photon energy
increases. The first and the second occupied MOs of the thione
form have a large contribution of the S 3p atomic orbitals (34.2
and 54.3%, respectively), with respect to the third MO (14.1%).
In the case of thiol form (SH) the largest S 3p atomic orbital
contributions are found in the third and forth MOs (47.0 and
42.8%, respectively) while the S 3p atomic orbital contributions
in the first and second MOs are 13.7 and 21.3%, respectively.
Therefore, the observed strong decrease in relative intensity of
the first and second PE bands, intensity ratios 0.63 and 0.27,
respectively (see Table 1) is indicative of the presence of the
thione tautomer in the vapor phase. This result is also consistent
with the C 1s and the S 2p spectra discussed below.

A previous photoemission study has shown that the analogous
MBO molecule in the gas phase is also present only in the thione
form.8 In both cases the calculated MP2 energy of the thione
ground-state neutral molecule is lower than the one obtained
for the thiol form. The difference in energy is 1.32 hartree for
MBO and 1.24 hartree for MBT.

To investigate the vibrational structure of the valence
spectrum we have fitted the experimental peaks considering only
one vibrational progression and using the procedure described
in the experimental section. The results are shown in Figure 3

and reported in Table 1. The fit of the HOMO peak has been
obtained using a sum of three Voigt components, whereas four
components have been used for the second peak and five for
the third, fourth, and fifth bands. The vibrational energy
separations obtained by the fit are 0.136 eV (1097 cm-1) for
the first peak (HOMO), 0.146 eV (1177 cm-1) for the second
peak, 0.125 eV (1008 cm-1) for the third peak, 0.109 eV (879
cm-1) for the fourth peak, and 0.110 eV (887 cm-1) for the
fifth peak. These values are systematically lower (0.11-0.14
eV) than the ones measured for the MBO molecule,8 according
to the substitution of the oxygen atom with the heavier sulfur
atom. Because of the large number of delocalized vibrational
modes it does not seem possible to give even a tentative
assignment for the vibrational progression of the PE bands using
the simple approach; a calculation is needed to give an exact
attribution.

C 1s PE Spectrum.The experimental C 1s spectrum obtained
at 337.0 eV photon energy is reported in Figure 4 together with
the best fit of the data. The experimental spectrum shows three
main peaks with an intensity ratio 5:1:1. These signals, which
are due to the ionization of the seven inequivalent carbon atoms
of the molecule, have been fitted using seven Voigt functions
whose ionization energies, width, and amplitude were considered
free parameters, but the width and amplitude assumed equal
for all components. The sum of the seven Voigt functions is in
good agreement with the experimental data, confirming the
presence of only one tautomeric form of MBT in the gas phase
(it should be noted that two of Voigt functions obtained by the
fit present very close ionization energy values at 290.63 and
290.64 eV). The ionization energies of the seven components
are reported in Table 2 and compared with the values obtained
by ∆SCF16 and by HF ab initio calculations. The experimental
data are in good agreement with the∆SCF theoretical results
both for IE values (0.2-0.5% error) and energy distribution.
Therefore, it is possible to derive a reliable attribution of the
seven components. The carbon atoms in the benzene ring not
bonded to the heteroatoms (C2, C3, C4, C5) show ionization
energies close to each other and in good agreement with the
value measured for the carbon atoms in benzene (290.42 eV).17

Larger shifts are expected for the carbons bound to the
heteroatoms. The peaks at highest energies can be attributed to

Figure 3. Outer-valence PE spectrum of MBT vapor obtained at 21.8
and 35.0 eV photon energy. The experimental curves (points) are shown
together with the best fit (see text for details). The residual between
the experimental data and the fit is shown below each spectrum.

Figure 4. Carbon 1s PE spectrum of MBT vapor obtained at 337.0
eV photon energy. The experimental spectrum (points) is shown
together with the best fit obtained using seven Voigt functions (see
text for details). The residual between the experimental data and the
fit is also reported. It should be noted that two of the Voigt functions
obtained by the fit present very close ionization energy values (290.63
and 290.64 eV).
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the carbon atoms bound to the nitrogen atom, which is the most
electronegative atom in the molecule. In particular, by com-
parison with the theoretical IE, the component at 292.93 eV
can be correlated with the ionization of the C7 carbon atom
bonded to the sulfur and nitrogen heteroatoms, while the peak
at 291.93 can be attributed to the C6 atom of the benzene ring
bound to the nitrogen atom. As regards the HF calculations,
the IE values are systematically overestimated, as expected for
Koopmans’ approximation. Nevertheless the IE difference
between the carbon components are in good agreement with
the experimental data and the∆SCF calculations.

It is interesting to compare the C 1s photoemission spectrum
of MBT with that obtained for the similar MBO molecule,8

where oxygen instead of sulfur is present in the pentatomic ring.
The calculated and experimental IE of the carbon atoms (C2,
C3, C4, C5) of the benzene ring unconnected to any substituent
and the carbon atom (C6) bonded to the nitrogen are only slightly
affected by the substitution of the oxygen atom with a less
electronegative sulfur atom, and show a maximum shift of 0.13
eV toward lower IE. The main effect is observed on the C1 and
C7 atoms directly bound to the exchanged heteroatom. In these
cases shifts of 1.10 eV for C7 and 1.12 eV for C1 toward lower
IE are observed. By comparison of these two molecules, the
strong electron attractive effect of the oxygen is highlighted,
whereby the O atom withdraws electronic charge mainly from
the nearest atoms, and to a lesser extent from the rest of the
molecule.

S 2p PE Spectrum.The experimental S 2p PE spectrum of
MBT taken using 190.0 eV photon energy is reported in Figure
5. The energy scale was calibrated against the S 2p3/2 signal of
SF6 at 180.27 eV.18 The experimental spectrum displays four
components at 167.6 eV, 168.8, 170.0, and 171.2 eV. The four
features can be assigned to the photoionization of the two sulfur
atoms split by spin-orbit interaction.

The lower IE doublet can be attributed to the photoionization
of the exocyclic sulfur atom (S2) by comparison with the MBO
S 2p spectrum. In fact, in the MBO molecule there is only the
exocyclic sulfur atom and in the S 2p spectrum two components
have been observed at 167.7 and 168.9 eV. The features at 170.0
and 171.2 eV are therefore due to the photoionization of the
sulfur atom in the pentatomic ring. This attribution is in
agreement with the∆SCF calculation which predict a shift of
2.8 eV toward higher energy for the 2p ionization energy of
the endocyclic sulfur with respect to the exocyclic one.16 The
shift of 2.2 eV between the photoemission signals of the two
sulfur atoms was also observed in the solid MBT molecule.2,4

The experimental values of the S 2p1/2 signals of the two sulfur
atoms in the molecule 168.9 and 171.1 eV can be compared
with literature data on other sulfur-containing molecules in the
gas phase: 171.0 eV in CS2,19 171.56 eV in H2S,20 171.92 eV

in OCS,21 175.98 eV in SO2,22 and 181.48 eV in SF6.18 It can
be observed that the exocyclic sulfur shows a very low ionization
value indicative of a high electron density on this atom as
already observed for MBO,8 while the endocyclic sulfur has a
ionization value similar to the one observed in CS2 and H2S
indicative of an almost neutral sulfur atom.

The four peaks in the S 2p spectrum show an asymmetric
shape with a full width at half-maximum (fwhm) of 0.54 eV,
that is much larger than the total instrumental broadening which
is estimated to be less than 0.24 eV. A similar intrinsic peak
broadening was observed also for MBO (fwhm) 0.59 eV) and
ascribed to various effects, mainly the vibrational excitation,
and the molecular field splitting. In MBT the molecular field
splitting calculated by∆SCF are 0.09 eV for S1 (the endocyclic
sulfur) and 0.12 eV for S2 (the exocyclic sulfur)16 and are smaller
than that calculated for MBO (0.15 eV).23 Unresolved vibrational
excitations probably give the largest contribution to the broad-
ening and asymmetry of the photoemission peaks as already
suggested for the MBO molecule, and reported for small
molecules.19,21

Conclusions

The synchrotron radiation photoelectron spectra of MBT
vapor were measured for the first time and assigned on the basis
of ab initio calculations. The valence photoemission spectrum
was in agreement with the MO calculation for the thione form,
both for the MO energies and the sulfur 3p contribution to the
outermost orbitals. The vibrational structure clearly observed
for the outermost valence bands was characterized in terms of
a single progression. In the C 1s photoemission spectrum the
components due to the seven inequivalent carbon atoms in the
molecule were identified and attributed by comparison with
∆SCF ab initio calculations. Two sulfur components were
clearly identified in the S 2p photoemission spectrum and have
been ascribed to the two sulfur atoms in the molecule by
comparison with the theoretical results and previous literature
data.
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TABLE 2: C 1s Experimental and Theoretical Ionization
Energies (IE) Are Reported in eV. The Theoretical IE Have
Been Calculated for the Thione Form by∆SCF16 and HF
MP2/6-31G*. The Energy Shift Relative to the Lowest Value
Is Shown in Parenthesesa

exp. IE
(fit results)

theor. IE
(∆SCF)

theor. IE
(HF MP2/6-31G)

C1 291.22 (0.71) 291.85 (0.72) 307.33 (0.99)
C2 290.94 (0.43) 291.45 (0.32) 306.72 (0.38)
C3 290.51 (0.00) 291.13 (0.00) 306.34 (0.00)
C4 290.63 (0.12) 291.33 (0.20) 306.53 (0.19)
C5 290.64 (0.13) 291.38 (0.25) 306.61 (0.27)
C6 291.93 (1.42) 292.81 (1.68) 307.95 (1.61)
C7 292.93 (2.42) 294.38 (3.25) 309.82 (3.48)

a For the numbering of the seven carbon atoms see Figure 1.

Figure 5. Sulfur 2p PE spectrum of MBT vapor obtained at 190.0 eV
photon energy.
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