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Hel Photoelectron and Valence Synchrotron Photoionization Studies of the Thioester
Molecule CH3C(O)SCH3: Evidence of Vibronic Structure
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One of the simplest thioester molecules, S-methyl thioacetate, CH3;C(O)SCHj3, has been investigated by Hel
photoelectron spectroscopy (PES) and valence photoionization studies using synchrotron radiation in the same
energy range. In the second series of experiments, total ion yield (TTY), photoelectron photoion coincidence
(PEPICO), and partial ion yield (PIY) spectra were recorded. It was found that the photodissociation behavior
of CH3C(O)SCHj can be divided into three well-defined energy regions. Vibronic structure was observed in
the valence synchrotron photoionization process, being associated with wavenumbers of 912, 671, 1288,
1690, and 1409 cm™! for the bands at 12.82, 13.27, 15.66, 15.72, and 17.42 eV, respectively. Evaluation of
the PE spectrum in concert with the synchrotron photoionization measurements and complemented by high-
level ab initio calculations thus provides unusually detailed insights into the valence ionization processes of

this molecule.

Introduction

Thioesters of the type RC(O)SR' occur naturally in a variety
of environments. Bacterial metabolism of methanethiol, CH3SH,
leads to the generation of a range of sulfur compounds that are
present in various dairy products.' Significant contributions
to the aroma of cheese, for example, comefrom not only
dimethyl di- and trisulfides, but also some thioesters such as
CH;3C(0)SCH3 and C3H,C(O)SCH3.23 Thioesters have also been
identified as being among the sulfur compounds that contribute
to the aroma of wines.* In recognition of sensory properties
that are quite pronounced at very low concentrations, a
combinatorial approach has been used to build up a “flavor
library” for S-methyl thioesters and other volatile sulfur
compounds.’ In vivo, thioesters result from the association of a
methanethiol moiety and acyl coenzyme A via spontaneous or
enzymatically promoted reactions.® This fact, along with the
biochemical importance of coenzyme A and its acyl derivatives,
has ensured the maintenance of a lively interest in thioesters.%!0
Analysis of the different reactivities of thioesters and oxoesters
has played a significant part, for example, in aiding our
understanding of the driving force for acetylation reactions of
coenzyme A.!!

S-Methyl thioacetate, CH3C(O)SCHj3, is thus a naturally
occurring flavoring agent,'? first synthesized in 1939 by Arndt
et al. by the reaction of CH3C(O)Cl with CH3;SH.!3 The
molecule has been characterized on the basis of its vibrational'+1>
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and NMR ! spectra. The structure of the gaseous molecule has
been determined by gas electron diffraction (GED) with the
assistance of quantum chemical calculations (B3LYP/6-31G*
and MP2/6-31G*), thus establishing that it has a syn conforma-
tion (i.e., in relation to the C=0 and S—CHj3 bonds).® Earlier
quantum chemical studies included semiempirical'” and ab
initio'® calculations. A recent report detailed a complete
conformational analysis including solvent effects, with the
derived parameters applied to the parametrization of a force field
for the molecular modeling of unusual proteins containing an
acylated cysteine side chain.!® Matrix experiments involving the
isolation of the vapor in solid Ar at 15 K have shown that
irradiation with broadband UV —visible light results in hydrogen
abstraction from the methyl group of the CH3C(O) function to
give ketene, H,C=C=0, with the elimination of CH3SH as the
main channel of photodecomposition (eq 1)*

hv
CH,C(0)SCH, — H,C=C=0 + CH,SH (1)

We recently started a general project aimed at elucidating
the shallow and inner-shell core electronic properties of sulfenyl
carbonyl derivatives, XC(O)SY, and hence gaining a fuller
understanding of the photodissociation channels open to these
compounds. Thus, we have carried out photoionization studies
on species such as FC(0)SC1,%!2> CIC(0)SC1,? thioacetic acid
[CH3C(0)SH],** and CH30C(0)SCI? using synchrotron radia-
tion in the range of 100—1000 eV. These studies involved
measurements of not only the total ion yield (TIY) and partial
ion yield (PIY) spectra, but also multicoincidence spectra [photo-
electron—photoion coincidence (PEPICO) and photoelectron—
photoion—photoion coincidence (PEPIPICO)] around the main
ionization edges. The recent development of a neon gas filter
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in the TGM line at the Brazilian Synchrotron National Labora-
tory (LNLS) now affords “pure” synchrotron radiation in the
12—21.5 eV range, and this has allowed us to expand the study
of photoionization processes into the valence region. The
combination of PES and multicoincidence time-of-flight- (TOF-)
based techniques seems to offer a most promising approach to
a deeper understanding of the electronic structure and the ionic
dissociation induced by photon absorption in the valence region.

Herein, we report a study of the photon impact excitation
and ionization dissociation dynamics of S-methyl thioacetate,
CH3C(O)SCH3, in a combined approach that includes the use
of Hel photoelectron spectroscopy and photoionization under
the action of synchrotron radiation in the valence region. Total
and partial ion yields were measured, together with the PEPICO
spectra at selected photon energies, thereby allowing the study
of the dissociation dynamics of excited CH3C(O)SCH3 mol-
ecules. A significant feature is the observation of vibrationally
resolved progressions in the synchrotron-based spectroscopy.

Experimental Section

Synchrotron radiation from the Brazilian Synchrotron Light
Source (LNLS) was used.?¢ Linearly polarized light monochro-
matized by a toroidal grating monochromator (available at the
TGM beam line in the range of 12—310 eV)? intersected the
effusing gaseous sample inside a high-vacuum chamber at a
base pressure in the range of 10~% mbar. During the experiments,
the pressure was maintained below 2 x 10~® mbar. The intensity
of the emergent beam was recorded by a light-sensitive diode.
The photon energy resolution from 12 to 21.5 eV was given by
E/AE = 550. The ions produced by the interaction of the
gaseous sample with the light beam were detected by means of
a time-of-flight (TOF) mass spectrometer of the Wiley—MacLaren
type for PEPICO measurements. This instrument was con-
structed at the Institute of Physics, Brasilia University, Brasilia,
Brazil.?® The axis of the TOF spectrometer was perpendicular
to the photon beam and parallel to the plane of the storage ring.
Electrons were accelerated to a multichannel plate (MCP) and
recorded without energy analysis. This event started the flight-
time determination process for the corresponding ion, which
was subsequently accelerated to another MCP. High-purity
vacuum-ultraviolet photons were used, the problem of contami-
nation by high-order harmonics being suppressed by the
innovative gas-phase harmonic filter recently installed at the
TGM beam line at the LNLS.?-30

The Hel PE spectrum of CH3C(O)SCH3 was recorded on a
double-chamber UPS-II machine built specifically to detect
transient species at a resolution of about 30 meV, as indicated
by the Ar*(*P3,) photoelectron band.3'-37 Experimental vertical
ionization energies (I, in electronvolts) were calibrated by
simultaneous addition of a small amount of argon and io-
domethane to the sample.

OVGF?8 calculations using the 6-311++G(d,p) basis set and
B3LYP/6-3114++G(d,p)-optimized geometry of the syn con-
former were performed on CH3C(O)SCH3 in its ground elec-
tronic state using the Gaussian 03 program package.’® The
energies of dissociation of the CH;C(O)SCH;" parent ion into
possible fragments were calculated at the UB3LYP/6-311++G**
level of approximation.

The sample of S-methyl thioacetate, CH3;C(O)SCHj3, was
obtained from a commercial source (Aldrich, 95%). The liquid
was purified by fractional distillation and subsequently purified
further by repeated fractional condensation at reduced pressure
in order to eliminate volatile impurities. The final purity of the
compound in both the vapor and liquid phases was carefully
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Figure 1. Hel photoelectron spectrum of CH3C(O)SCHj.
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TABLE 1: Experimental and Calculated Ionization Energies
and MO Characters for CH3;C(O)SCH3;

PES (eV) caled (eV)* MO  character TIY (eV) VS (cm™!)?
9.53 935 24 n"(S) -
9.81 10.29 23 n'(0) -
12.25 12.28 22 m"c=o0 12.82 912443
12.64 13.37 21 0c-n(C=0)
13.17 13.82 20 0c-n(C=0) 13.27 671 + 147
14.63 15.03 19 0c-u(C=0) 15.66 1288 27 > 36
15.09 18  0c—u(SCH3) 1572 1690 £ 80
15.23 15.86 17 0c—u(SCH3) 16.99
16.22 16  oc—n (SCH3)
16.53 15 0s—c(SCH3) 17.42 1409 + 40

18.55 14 05— (C=0) 17.69
13 n'sS 18.04

“Values calculated at the OVGF/6-311++G(d,p) level of
approximation with B3LYP/6—311++G**-optimized geometries.
> VS indicates bands with vibronic structures observed in the TIY
spectrum.

checked by reference to the following spectra: IR (vapor),
Raman (liquid), and '*C NMR (liquid).%14.16

Results and Discussion

The molecule CH3C(O)SCHj3 in the ground electronic state
belongs to the C; point group. It follows that all canonical
molecular orbitals of type a' are o orbitals (in-plane), whereas
those of type a" are st orbitals. The 30 valence electrons are
then arranged in 15 doubly occupied orbitals in the independent
particle description. The photoelectron spectra, as well as the
dissociative photoionization and the photoion branching ratios
of CH3C(O)SCH3, are conveniently discussed with reference
to this ground-state configuration.

Photoelectron Spectra. The Hel PE spectrum of
CH3C(O)SCHj3 is depicted in Figure 1. The experimental and
theoretical ionization energies are listed in Table 1. Assignments
were made with reference to the results of the OVGF/6-
3114++G(d,p) calculations [with an optimized geometry for the
syn conformer at the B3LYP/6-311++G(d,p) level of ap-
proximation]. The characters of the 12 highest occupied
molecular orbitals of CH3C(O)SCH3 are shown in Figure 2.

The first ionization band appearing in the spectrum at 9.53
eV can be assigned with confidence to the ionization process
from the HOMO, an n"(S) orbital, which can be visualized as
a lone pair nominally localized on the sulfur atom. Vertical
ionization energies for the related species FC(O)SCI,
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Figure 2. Characters of the 12 highest occupied molecular orbitals of CH;C(O)SCHj3. The trend following Table 1 is from MO 24 [1#"(S)] to MO

13 [n'5(S)].

TABLE 2: Atomic Charges for the Molecular and Cation-Radical Forms of CH3;C(O)SCH; Calculated with the UB3LYP/

6-311++G** Approximation®

H, C, Cs S4 Cs

CH3C(O)SCH3 0.152 —0.589  0.181 0.084 —0.452
CH;C(O)SCH3™  0.216 —0.712  0.386 0.536 —0.566
Agb 0.064 —0.123 0.205 0.452 —0.114

He Hy Hg Ho Hio Oy TACe
0.158 0.176 0.176 0.172 0.172 —0.229 0
0.238 0.236 0.216 0.250 0.238 —0.038 +1

0.08 0.06 0.04 0.078 0.066 0.191 +1

¢ For atom numbering, see Figure 2. * Aq = ¢q[CH;C(O)SCH;"] — ¢[CH;C(O)SCHj]. © Total atomic charge.

CH;3C(O)SH, and CH3C(O)SCH,CHj3 are 10.7, 10.0, and 9.6
eV, respectively.*? Thus, the substitution of a hydrogen atom
at sulfur by an electron-donating alkyl group results in a decrease
of the ionization potential (IP).

The second ionization potential, observed at 9.81 eV, is
assigned to the ionization process of an electron ejected from
another predominantly nonbonding orbital, this time the n'(O)
orbital. The following band, observed at 12.25 eV, is associated
with ionizations from the 7 orbital of the carbonyl double bond.
The three bands observed at 12.64, 13.17, and 14.63 eV are
attributable to ionizations from the oc—y orbital of the CH3 group
directly bonded to the carboxylic carbon atom. The 15.23 eV
feature in the PE spectrum is then linked to an ionization process
from the oc—y orbital of the CH3 group bonded to the S atom.

Calculations (UB3LYP/6-311++4+G**) were performed to
analyze the nature of the cation formed in the first ionization
process. The results demonstrate that the atomic charges are
delocalized over the whole molecule, with an appreciable
fraction localized at the S atom. As is evident from the details
set out in Table 2, the partial positive charge of the S4 atom
increases by 0.452 units (see also the characters of the first
ionization process of Table 1 and of MO 24 in Figure 2). At
the same time, the C3—S4 single bond experiences a marked
elongation of about 0.36 A, whereas the other bond lengths
decrease. The lengthening of the (O)C—S bond is reflected even
more conspicuously in the wavenumber of the mode ap-
proximating the ¥(C—S) motion, which is calculated to fall to
231 cm™!, as compared with the value of 619 cm™! estimated
at the same level of theory for the corresponding mode of the
neutral molecule. The calculations find support from experiments
with matrix-isolated CH3C(O)SCH3 revealing an IR multiplet
absorption at 618/624/628 cm™! that is most plausibly identifi-
able with this mode.?? According to the same calculations, the

syn orientation of the C—O and S—C bonds is retained after
ionization. The value of the adiabatic IP is 9.0 eV in the
UB3LYP/6-311++G** approximation.

Photoionization Processes. For absorptions above the ioniza-
tion threshold, the quantum yield for molecular ionization is
quite likely to tend to unity; that is, for each photon absorbed,
an ion is produced. Consequently, the detection of parent and
fragment ions as a function of the incident photon energy (T1Y)
is a powerful method that complements absorption spectros-
copy.*! Thus, an increment in the total ion production is expected
every time that the incident energy exceeds a particular
ionization potential as defined in PES conditions; the magnitude
of the increment depends on the cross section of the particular
ionic state. As is well-known, however, a valence ionic state —
even one outside the ground state’s Franck—Condon region —
can be resonantly populated using tunable synchrotron radiation
throughout a transition from the ground electronic state to a
neutral Rydberg state, followed by a subsequent autoionization
process. Similar, but not identical, transition energies are
therefore to be expected when PE and TIY spectra are compared.
Moreover, the yield of each of the differently formed ions
(partial ion yield spectra) affords information about the dis-
sociation channels associated with particular ionic states.

The TIY spectrum of CH3C(O)SCH; in the photon energy
range of 12.0—20.0 eV is depicted in Figure 3. The region
between 12.0 and 14.0 eV reveals a group of well-defined
signals that can be separated into two vibronically resolved
bands. The maximum of the first occurs at 12.82 eV with a
value of v, = 912 £ 43 cm™' (see Table 1 and the inset of
Figure 3), whereas the maximum of the second band occurs at
13.27 eV (v, = 671 £ 147 cm™'); these bands correlate with
the features at 12.25 and 13.17 eV, respectively, in the PE
spectrum.
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Figure 3. TIY spectrum of CH3C(O)SCH3 in the photon energy range 12.0—20.0 eV. The 12.0—14.0 eV region is enlarged in the inset on the

right.
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Figure 4. PEPICO spectra of CH3C(O)SCHj at selected irradiation energies.

The next two bands at higher photon energy also display
vibronic structure. The maxima are centered at 15.66 and 15.72
eV. The associated vibronic structure is characterized by v, =
1288 & 36 cm™! and v, = 1690 £ 80 cm™!, respectively. The
transition observed at 16.99 eV in the TIY spectrum correlates
with the band near 15.23 eV in the PE spectrum of
CH3C(O)SCHs. The next band in the TIY spectrum, located at
17.42 eV, is another showing well-defined vibronic structure
with v, = 1409 £ 40 cm™!. This transition can be assigned to
an ionization involving the os—c (SCHj3) orbital on the basis of
the OVGF/6-311++G(d,p) calculations. The remaining transi-
tions in the TIY spectrum, at 17.69 and 18.04 eV, can be
identified with the os—c (C=0) and n',S orbitals, respectively.

The PEPICO spectra measured for CH3C(O)SCH3 at selected
photon energies are shown, together with a fragment assignment
of the bands, in Figure 4. The lowest energy delivered by the
TGM beam line at the LNLS (12.0 eV) is higher than the first

ionization potential of the CH3C(O)SCH3 molecule (9.5 eV).
Accordingly, ionization processes from MO 24 and MO 23
(Table 1) can already be observed at the very first stage of the
experiment. The PEPICO spectrum measured near 12.96 eV
contains several signals. One weak signal corresponds to the
parent molecular ion (M*) (90 amu/q); others correspond to
the fragments OCS™ (60 amu/q), CH;CO™" (47 amu/q), and S™*
(32 amu/q). At this energy, a major contribution of the S* ion
is observed in consonance with the first ionization process
described in the preceding section. At photon energies near 15.67
and 15.91 eV, the ionization channel for the formation of CO™
(28 amu/q) is opened, and this becomes the dominant fragment,
accompanied by minor quantities of ST and CH;CO™. Depletion
in the OCS™ and ST fragments is evident from a comparison
with the spectrum recorded at 12.96 eV. Again, such a finding
is in agreement with the ionization processes occurring in this
energy range, as listed in Table 1. Irradiation of CH3C(O)SCHj3
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Figure 5. Partial ion yield (PIY) spectra of CH3C(O)SCHs.

with photons of increasing energy, namely, 16.42, 16.66, 17.24,
and 18.29 eV, leads to a marked enhancement in the intensity
of the signals corresponding to the CH;CO™ and CH3C(O)-
SCH;" ions. At these energies, access is gained to ionization
channels for the production of the ions CH3S™ (m/z = 47 amu/
q) and CH;* (m/z = 15 amu/q) from ionized states of
CH3C(O)SCH3. Many ionization processes are now attainable,
and analysis of the individual fragments becomes more
complicated.

A weak band at m/z = 75 amu/q is also observed. This signal
is assigned to the loss of a CH3 group from the parent molecular
ion (M — 15). The resulting ion can originate from the rupture
of either the C—CH3 or the S—CH3 single bond of CH3C(O)-
SCHs.

In the electron-impact mass spectrum of CH3;C(O)SCHj;
measured at an ionization energy of 70 eV, the acylium ion,
CH;CO™, with m/z = 43 amu/q, represents the most important
product. The molecular ion CH3C(O)SCH3* also makes a
significant contribution (23%). Other fragments, such as SCH3™*
and HCS™, show relative abundances on the order of 10%.42

More detailed information about the ion branching options
can be gained from the partial ion yield (PIY) spectra shown
for selected ions in Figure 5. These very time-consuming spectra
were accumulated in the range of 15.3—18.1 eV by recording
the count rates of selected ions as the photon energy was scanned
in steps of 0.02 eV. Each point in a given PIY spectrum, which
is normalized by the photon flux, corresponds to one TOF
spectrum measured at this defined photon energy. The intensity
of the signal corresponding to each ionic fragment was estimated
by fitting a Gaussian function to the TOF spectra. It should be
noted that the production of fragment ions might or might not
coincide exactly with the ionization energy identified in the PE
spectrum. If the ionic state has a dissociation channel giving
direct access to the observed fragment ion, however, identical
ionization energies should be observed.

The patterns of both the PIY spectrum of CO™ and the TIY
spectrum of CH3C(O)SCHj3 are quite similar at the photon
energies where the CO* and CH3CO™ ions are the predominant
products. Irradiation of CH3C(O)SCH3 with photons at energies
near 17.4 eV leads to the formation of ST ions.

Quantum chemical calculations were performed to estimate
the energies of different pathways involving dissociation of the
parent ion. A schematic representation of some of these
dissociation channels is given in Figure 6. For the rupture of
the C—S bond involving the carbonyl carbon atom, the
calculations predicted that the channel affording CH;CO™ +
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Figure 7. Schematic representation of the processes involved in the
valence synchrotron photoionization and photoelectron spectra of
CH3C(O)SCHj3. Multiple levels of the excited state indicate vibronically
resolved transitions.

*SCH; is favored over that affording CH;CO* + SCH;3 ™. This
is in agreement with the behavior observed in the PEPICO
spectra, where CH3;CO™ already appears at 12.96 eV, whereas
much higher energies are needed to form the SCH3" ion. The
loss of a *CHj group from CH3C(O)SCH3"" can produce either
CH;C(O)S™ or C(O)SCH3" ions (m/z = 75), with the latter being
calculated to be energetically preferred. Similar bond ruptures
leading to the formation of CH;" are energetically more
disadvantaged, especially the channel yielding CH;* +
*C(O)SCH3, which differs by approximately 9 eV from that
yielding *CH; + C(O)SCH;™.

Vibronic Structure. The features observed in the TIY
spectrum in the synchrotron experiments include resonant
excitations to neutral molecular states in addition to excitations
marking photoionization processes, and it is the resonant
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excitations that display vibronic structure. For instance, a
resonant (optical) transition featuring vibronic structure occurs
at 12.82 eV. At this energy, photoionization processes related
to lower-energy events are also observed. We believe that the
transitions to excited molecular states can be observed because
the states are related to dissociative surfaces that lead to rupture
of the molecule with the production of the ionic fragments
detected.

The fine structure developed by each of five of the optical
transitions in the TTY spectrum provides a selective vibrational
view of the relevant excited electronic state of the
CH3C(O)SCH3 molecule. The interpretation of this vibronic
structure is, however, complicated by a number of factors. First,
the parent molecule and its excited state have only low
symmetry (C; at best), and at wavenumbers below about 1500
cm™!, few of their numerous vibrational modes are well
described in terms of a single normal coordinate. Although it
is reasonable to expect that the most prominent component of
each vibrational progression is due to a vibrational transition
that suffers a major change of wavenumber as a result of the
transition in question, the relatively modest resolution of our
spectra might well conceal more than one progression, nor does
it follow that the interval in the progression is necessarily the
wavenumber of a single fundamental vibration of the electronic
excited state. Nevertheless, the vibronic structure can, in
principle, provide important clues to the nature of that state and
to the ionization process with which it is associated.

The lowest-energy optical transition for which such structure
can be discerned, that at 12.82 eV, corresponding to the 12.25
eV feature in the PE spectrum signaling ionization from a 7" c=o
molecular orbital. The structure is dominated by a progression
with v, = 912 cm™!. In the absence of more positive informa-
tion, it is possible that the interval represents a vibrational mode
of this particular excited electronic state of CH3C(O)SCHj3
involving, at least in part, the v(C=QO) vibration. It would then
signal a dramatic reduction in bond order of the original C=0
bond brought about by the electronic promotion, with a
corresponding decrease in the force constant and wavenumber
of the C=O0 stretching vibration. By contrast, the (C=0) mode
of the matrix-isolated parent molecule occurs as 1702/1709
cm ™29 If our interpretation is correct, then the excited electronic
state would appear justifiably to be represented by the structural
formula I with a pyramidal framework. Moving to higher
energy, the next three transitions to show vibronic structure in
the optical spectrum correlate with ionization from oc—g orbitals
of one or another of the CH3 groups. It is now more difficult to
anticipate how electronic excitation will affect the vibrational
properties of the molecule. Whereas some bonds, such as C—H,
will surely be weakened, others might well be strengthened by
the redistribution of charge accompanying electronic excitation,
and changes of polarity might mean that bending modes are as
susceptible as any other modes to a major change of force
constant. On the basis of the vibrational properties of the neutral
molecule,” the progression with v, = 671 cm™! could cor-
respond to a mode of the excited state with significant v(C—S)
character. Similarly, the progression with v, = 1288 cm™! can
be tentatively identified with a vibrational fundamental in which
O0(CH3) is the dominant motion, whereas v, = 1690 cm™! is
strongly suggestive of a ¥(C=0) mode. Highest in energy of
the transitions showing vibronic structure is that associated with
ionization from a os—c orbital associated with the S—CHj3
fragment of CH3C(O)SCHj3. This progression is characterized
by v, = 1409 cm™!, a wavenumber again hinting at what is
mainly a 0(CHj3) vibration. Ideally, however, further experiments
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involving, for example, similar studies of perdeuterated S-methyl
thioacetate, CD3C(O)SCDs3, are needed to test this preliminary
analysis.

Conclusions

This study on the photoionization of the CH3;C(O)SCHj;
molecule has drawn on valence synchrotron photoionization and
photoelectron data complemented with the results of quantum
chemical calculations. It has enabled us to establish a schematic
view of the optical and ionic transitions of S-methyl thioacetate,
their correlation, and the photoproducts following an autoion-
ization process. In this case, it has also yielded information about
the electronic excited states through the media of several
vibronic progressions that could be resolved in the TIY spectrum
recorded in the synchrotron experiments. Figure 7 illustrates
the states and transitions that have been identified.
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