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The collision-induced dissociation (CID) reaction of CH3SCH3
+ + Ar was studied in a triple-quadrupole,

double-octopole ion-molecule reaction apparatus. The absolute total cross sections for the product ions
CH2SH+/CH3S+, CH2S+, CHS+, and CH3

+ formed in the CID reaction have been measured in the center-
of-mass kinetic energy (Ecm) range of 1-19 eV. Using the charge-transfer probing technique, we found that
mass-47 product ions are formed in both the CH2SH+ and CH3S+ structures. The onsets for CH2SH+, CH3S+,
CH2S+, CHS+, and CH3

+ are consistent with their thermochemical thresholds. The formation of the higher-
energy product channel CH3S+ + CH3, which involves C-S bond scission, is found to dominate in theEcm

range immediately above its onset. The lower-energy channel corresponding to the formation CH3SCH2
+ +

H is not found. The strong preference observed for the higher-energy channel is in accordance with the
conclusions obtained from the CID studies of CH3SH+ and CH3CH2SH+, providing further evidence that the
CID of CH3SCH3

+ is also nonstatistical. The high yield of CH3S+ + CH3 is attributed to the more efficient
translational-to-vibrational energy transfer for the C-S stretching modes with lower frequencies than to those
for the C-H stretching modes with higher frequencies, along with weak coupling between these vibrational
modes with significantly different frequencies of CH3SCH3

+. In addition, the dissociation pathways deduced
are consistent with the results of ab initio calculations at the G3 level.

I. Introduction

Bond-selective dissociation is a process that violates the
expectation of a statistical outcome. Most of bond-selective
dissociation studies have been focused on the dissociation
processes induced by photoexcitation. In our previous collision-
induced dissociation (CID) studies1-3 concerning the measure-
ments of absolute total CID cross sections for collisions of
CH3SH+ (or CH3CH2SH+) + Ar, we have obtained convincing
evidence that bond-selective dissociations occur in these CID
reactions. In the CID reaction of CH3SH+ + Ar, the higher-
energy product channel CH3

+ + SH, owing to C-S bond
rupture, was found to be more favorable than the more stable
product channel CH2SH+ + H resulting from C-H cleavage.
The CID study of CH3CH2SH+ + Ar reveals that the higher-
energy channels CH3CH2

+ + SH and CH3 + CH2SH+ resulting
from the C-S and C-C bond scissions, respectively, are the
dominant dissociation processes, whereas the lower-energy
product channel CH3CHSH+ + H, corresponding to the meth-
ylenic C-H bond breakage in CH3CH2SH+, was not found.
The selective C-S and C-C bond cleavage processes in the
CID reactions of CH3SH+ + Ar and CH3CH2SH+ + Ar are
attributed to the more efficient translational to C-S vibrational
energy transfer and to inefficient energy flow between C-X
and X-H (X ) C and S) vibrations. These observations suggest

that the dissociation of both CH3SH+ and CH3CH2SH+ via
collisional activation is nonstatistical. Interestingly, previous
dissociation studies of CH3SH+ and CH3CH2SH+ using
photoionization2,4-6 and charge-transfer techniques7 show that
the branching ratios of product ions are in quantitative agreement
with the predictions of the quasi-equilibrium theory.

In this article, we present the absolute total cross sections
for CID products formed in the collisions of CH3SCH3

+ + Ar.
Because CH3CH2SH+ and CH3SCH3

+ are isomers, the com-
parison of the branching ratios for product channels from the
CID of these isomeric ions is expected to shed light on their
CID mechanisms. In accordance with CID results described
above, CH3S+ + CH3 should be a major product channel in
the reaction of CH3SCH3

+ + Ar, as compared to the formation
of CH2SH+ + CH3 in the CID reaction of CH3CH2SH+ + Ar.
The successful detection of CH3S+ isomer ions formed in the
CID reaction of CH3SCH3

+ using the charge-transfer probing
method has been communicated.8 To rationalize the dissociation
pathways for CH3SCH3

+ and CH3CH2SH+, we have also carried
out ab initio calculations for this dissociation system at the
Gaussian-3 (G3) level of theory.9

II. Experimental Section

The experimental arrangement and procedures of the triple-
quadrupole, double-octopole (TQDO) photoionization apparatus
for cross-section measurements of state-selected ion-molecule
reactions have been described in detail previously.10-12 Briefly,
the TQDO apparatus essentially consists of, in sequential order,
a vacuum ultraviolet (VUV) photoionization ion source, a
reactant quadrupole mass spectrometer (QMS), a lower radio
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frequency (RF) octopole ion guide reaction gas cell, a middle
QMS, an upper RF octopole ion guide reaction gas cell, a
product QMS, and a modified13 Daly-type scintillation ion
detector. The TQDO apparatus is partitioned into five chambers,
which are separately evacuated by liquid nitrogen or Freon-
trapped diffusion pumps.

The photoionization ion source consists of a 0.2-m VUV
monochromator (McPherson 234), a hydrogen discharge lamp,
and a photoelectric VUV light detector. The ionization energy
(IE) for CH3SCH3 is known to be 8.6910( 0.0002 eV (1426.60
( 0.03 Å).14 In the present experiment, CH3SCH3 is introduced
into the photoionization source as a free jet formed by supersonic
expansion through a nozzle with a diameter of 75µm at a
stagnation pressure of∼120 Torr. By setting the photoionization
wavelength at 1420 Å, which has a resolution of 5 Å (full width
at half-maximum (fwhm)), the CH3SCH3

+ reactant ions were
formed in their ground vibronic states. The rotational temper-
ature of CH3CH2SH+ thus formed is expected to bee150 K,
which is characteristic of the neutral CH3CH2SH jet. We note
that the finite vibrational excitation of CH3SCH3

+ due to the
thermal population of the low-frequency vibrational modes of
CH3SCH3

+ may not be efficiently relaxed by the mild beam
expansion employed in this experiment.

For absolute total cross-section measurements, the reactant
CH3SCH3

+ ions were extracted and guided by the lower QMS
(operated in the RF-only mode) and the lower RF octopole ion
guide to the middle QMS. The middle QMS, functioning as a
mass filter, passed only the desired CH3SCH3

+ ions to the upper
reaction gas cell, where collision-activated dissociation occurred
with Ar. The pressure of Ar in the upper reaction gas cell was
monitored with an MKS Baratron manometer and was main-
tained at (2-3) × 10-4 Torr. In this pressure range, the CID
product ion intensity was found to have a linear dependence
on the Ar gas-cell pressure. The reactant ions and the product
ions formed in the upper reaction gas cell were then mass-
selected by the product QMS and detected with the Daly-type
ion detector.

The reactant ion beam energies were determined by the
retarding potential method, using the upper octopole ion guide
to retard the reactant CH3SCH3

+ ions. The retarding potential
curve thus obtained was differentiated to yield the most probable
laboratory kinetic energy (Elab) of the reactant ions and the
fwhm of the kinetic energy distribution. TheElab resolution
for CH3SCH3

+ achieved in this experiment was(0.2 eV, as
measured by the fwhm of theElab distribution. This value
corresponds to a center-of-mass collision-energy (Ecm) resolution
of (0.08 eV (fwhm). The collection efficiencies for reactant
and product ions were maximized at eachEcm by optimizing
the voltage settings applied to the ion lenses, the octopole ion
guides, and the QMSs. As in previous studies,1-3 two modes
of absolute cross-section measurements were made. One
involves the measurement of the relative intensities of a product
ion and the reactant ion as a function ofElab at a fixed mass
resolution of the product QMS. The other mode of operation
involves the accumulation of a mass spectrum in a mass range
covering the masses of the reactant and all the product ions.
The absolute total cross sections obtained by these modes are
in agreement. The latter mode of operation has the advantage
of avoiding the mass-drifting problem of the QMS and ensuring
that the mass resolution is sufficient to resolve the mass speaks
of interest.

To probe the structure of the mass-47 ions formed in the CID
reaction of CH3SCH3

+ + Ar, we used both the lower and upper
reaction gas cells. Reactant CH3SCH3

+ ions prepared by

photoionization of CH3SCH3 were first selected by the reactant
QMS to enter the lower RFOIGGC, where the CID reaction
CH3SCH3

+ + Ar took place. The Ar gas-cell pressure that was
used was 3× 10-4 Torr. The mass-47 product ions thus formed
in the Ecm range of 4.5-6.5 eV were selected by the middle
QMS and guided into the upper reaction gas cell, in which the
structure for the mass-47 ions was probed by the charge-transfer
reaction with benzene (C6H6) at Ecm ≈ 0.2 eV. Charge-transfer
product C6H6

+ ions, if formed, were detected by the product
QMS. The C6H6 pressure used in the upper gas cell was 3×
10-4 Torr. The IEs for CH3S, CH2SH, and C6H6 are known to
be 9.2649( 0.0010 eV,15 7.536( 0.003 eV,16 and 9.243842
( 0.000006 eV,17 respectively (see Table 1). Using these IE
values, we calculated8 charge-transfer reaction 1 for CH3S+ to
be slightly exothermic, by 0.0211 eV, whereas charge-transfer
reaction 2 for CH2SH+ is endothermic by more than 1.708 eV.
The ∆H°0 values given in reactions 1 and 2 are the corre-
sponding heats of reaction at 0 K.

Becuase near-resonant charge-transfer reactions usually have
large cross sections, we should observe the formation of C6H6

+

if the mass-47 ions have the CH3S+ structure, whereas the
charge-transfer cross section should be negligibly small if
CH2SH+ ions are produced.

It is known that CH2SH+ ions are produced at the onset by
the photoionization of CH3SH.18 This conclusion is based on
the fact that the thermochemical threshold of∆H°0 ) 11.541
eV for process 3 is very close to the appearance energy (AE)
of ∼11.55 eV for the mass-47 ion observed in the dissociative
photoionization of CH3SH.

The formation of CH2SH+ by process 3 has been further
confirmed by Fenn et al.2 using benzene as the charge-transfer
probing reactant. The latter experiment can be taken as a
validation of the charge-transfer probing technique used here

TABLE 1: Current Recommended Experimental ∆fH°0 and
IE Valuesa

species ∆fH°0 (kcal/mol) IE (eV)

CH3SCH3 -8.96( 0.48b 8.69( 0.02b

CH2SH 37.7( 2.0 7.536( 0.003
CH3S (2E3/2) 31.4( 0.5 9.2649( 0.0010
CH3S (2E1/2) 9.2330( 0.0010
CH2S 28.3( 2.0 9.376( 0.003
CH4 -17.89b

CH3 35.6( 0.3 9.8380( 0.0004
S 66.2( 0.04b

H 51.10( 0.00014b

CH3SCH3
+ 197.5c

CH3SCH2
+ 197.3c

CH2SH+ 211.5( 2.0
CH3S+ 245.0( 0.5
CH2S+ 244.5( 2.0
HCS+ 243.2( 2.9
H2S+ 237.2( 0.2
CH3

+ 262.5( 0.3a

a Reference 2 and references therein.b Reference 28.c G3 calculation.

CH3S
+ + C6H6 f CH3S + C6H6

+ ∆H°0 ) -0.0211 eV
(1)

CH2SH+ + C6H6 f CH2SH + C6H6
+ ∆H°0 ) 1.708 eV

(2)

CH3SH + hν f CH2SH+ + H + e- ∆H°0 ) 11.541 eV
(3)
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for the structural identification of the mass-47 ion (CH2SH+ or
CH3S+) formed in the photoionization and CID reactions.

Data acquisition for the TQDO apparatus was controlled by
a Pentium PC.19 This improvement allows computer control of
the QMS and monochromator scans, the voltage settings applied
to individual components of the ion optics system, the reactant
ion kinetic energy determination, and the background corrections
in absolute total cross-section measurements. The procedures
outlined above were conducted mostly in an automatic mode.

The dimethyl sulfide and benzene samples were obtained from
Aldrich Chemical Company and Fisher Scientific and had
purities of 99.5% and 99.9%, respectively. The Ar gas was
obtained from Air Products and had a purity of 99.998%.

III. Results and Discussion

A. Absolute Total Cross Section and Identification of CID
Product Channels. The mass spectrum of the reactant and
product ions formed in the CID reaction of CH3SCH3

+ + Ar at
Ecm) 14 eV is displayed in Figure 1, showing the product ion
peaks for CH2SH+/CH3S+, CH2S+, CHS+, and CH3

+. This mass
spectrum indicates that the mass-47 ion with the possible
structures of CH2SH+ and CH3S+ is the overwhelmingly
dominant ion among the products. An important finding of this
study is that the CH2SCH3

+ ion (mass 61), which is a fragment
ion found in the photoionization of CH3SCH3 (see section III.B.),
is not observed in the CID reaction of CH3SCH3

+ + Ar within
the estimated uncertainty of(5 × 10-18 cm2 for absolute cross
sections measured in this CID study. This conclusion was
reached by using a higher mass resolution than that used for
recording the mass spectrum shown in Figure 1. We have also
carefully examined the reactant mass peak with and without
Ar gas in the upper reaction gas cell at variousElab values. In
both experiments, we found no evidence of the mass-61 peak
(or the formation of CH2SCH3

+).
The absolute total cross sections for CH2SH+/CH3S+, CH2S+,

CHS+, and CH3
+ that were measured as a function ofEcm over

Figure 1. Mass spectrum in the mass range ofm/z ) 13-66 amu for the CID reaction of CH3SCH3
+ + Ar obtained atEcm ) 14 eV. The mass

peak form/z ) 62 amu has been scaled by a factor of 0.05. Using a higher mass resolution than that used to record this spectrum, we have carefully
searched for the mass-61 ion peak at variousEcm values and have concluded that CH3SCH2

+ is not produced in the CID reaction of CH3SCH3
+ +

Ar within the estimated uncertainty of(5 × 10-18 cm2 for cross sections measured in the present study. See the text.

Figure 2. Absolute total cross-section curves for (a) CH3S+ (b), CH2S+

(9), CHS+ (1) and CH3
+ (3) (the curves for CH2S+, CHS+, and CH3

+

have been scaled by a factor of 3) and (b) CH2S+ (9), CHS+ (1), and
CH3

+ (3) formed in the CID reaction of CH3SCH3
+ + Ar at Ecm )

1.2-19 eV.

CH3SCH3
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the range 1.2-19 eV are shown in Figure 2a. The cross-section
curve of the major product ion CH2SH+/CH3S+ is sensitive to
Ecm, exhibiting a maximum of 3.8 Å2 at Ecm) 8-10 eV. The
kinetic energy dependence of this cross-section curve is quite
different from the mass-47 ion formed in the CID reaction of
isomeric CH3CH2SH+ + Ar, where the cross-section curve is
nearly constant fromEcm ≈ 3.5 eV.3

The cross section of CH2S+ exhibits a small maximum at
Ecm ≈ 4.8 eV and shows a more steeply sloping increase from
Ecm ≈ 8 eV. The other two minor product ions, CHS+ and CH3

+,
have very gradual increases in their cross sections asEcm is
increased, which is typical for product ions from secondary
dissociation processes. A magnified view of the cross-section
curves for these minor product ions is depicted in Figure 2b. It
is interesting that the profiles of the cross sections for CHS+

and CH3
+ are strikingly similar in theirEcm ranges from their

onsets to∼13 eV.
Using the known thermochemical data listed in Table 1, the

corresponding∆H°0 values for the possible CID product chan-
nels are given below:

All of the atomic and molecular species in the above reactions
are assumed to be in their ground states. To identify the
corresponding dissociation channels responsible for the product
ions, the experimental appearance energies (AEs) for CH2SH+,
CH2S+, CHS+, and CH3

+ are summarized in Table 2. We note
that the experimental AE values of these product ions represent
upper limits of corresponding dissociation energies, and the
uncertainties assigned to the AEs are determined by the precision
of the measurements.

The AE value observed for the mass-47 ion is 2.6( 0.2 eV,
which is slightly higher than the thermochemical threshold of
∆H°0 ) 2.15 eV of reaction 5a. This observation indicates that
CH2SH+ is formed near the CID AE for the mass-47 ion. The
protonated thioformaldehyde16 (CH2SH+) and thiomethoxy2

(CH3S+) ions are both stable isomers, and the latter is 1.45 eV
higher in energy than the former. On the basis of the charge-
transfer probing experiment, previous CID studies20,21 on
CH3SH+ and CH3CH2SH+ show that the mass-47 ion formed
near the AE has the structure of protonated thioformaldehyde,
CH2SH+. Ab initio studies21,22 suggest that the CH2SH+ ion
from collision-activated CH3SCH3

+ may be produced via a two-
step rearrangement-dissociation mechanism. It involves H
rearrangement of CH3SCH3

+ via a tight transition complex to
form CH2SHCH3

+, which subsequently dissociates to form
CH2SH+ by breaking the C-S bond of CH2SHCH3

+. At higher
internal excitation of CH3SCH3

+, we expect that direct cleavage
of the CH3S+-CH3 bond to form CH3S+ will compete with
the dissociation of the tight transition complex to form CH2SH+.

To identify the isomeric structures (i.e., CH2SH+ and CH3S+)
of the mass-47 ions formed by the CID reaction of CH3SCH3

+

+ Ar, we performed a charge-transfer probing experiment using
benzene as described above. As previously indicated, charge-
transfer product C6H6

+ should be observed if the mass-47
product ion has the CH3S+ structure, whereas the intensity for
charge-transfer product C6H6

+ will be negligibly small if
CH2SH+ is formed, provided that theEcm value for the charge-
transfer probing reaction is kept below the endothermicity of
1.708 eV for reaction 2. The total cross-section curve for the
m/z ) 47 ion formed in the CID reaction of CH3SCH3

+ + Ar
is shown again8 in Figure 3a to compare with the cross-section
curve for C6H6

+ resulting from the probing charge-transfer
reactions between C6H6 and the mass-47 ions formed in the
CID reaction of CH3SCH3

+ + Ar in the Ecm range of 2-7 eV.
As shown in Figure 3b, the cross-section curve of C6H6

+ is
found to have a sharp onset atEcm ) 3.6 ( 0.2 eV, which is
indicative of the formation of CH3S+ at Ecm g 3.6 eV. This
onsetEcm value is in excellent agreement with the thermo-
chemical threshold of∆H°0 ) 3.60 eV for reaction 5b. This
observation indicates that pure CH2SH+ is produced in theEcm

range of 2.6-3.6 eV, whereas CH3S+ is produced in abundance
along with CH2SH+ in the CID reaction of CH3SCH3

+ + Ar at
Ecm g 3.6 eV. We have also included in Figure 3a the total
cross-section curve for them/z ) 47 ion formed in the CID
reaction of CH3CH2SH+ + Ar.3 As mentioned above, them/z
) 47 ions formed in the latter reaction were found to have the
CH2SH+ structure on the basis of the previous charge-transfer

CH3SCH3
+ + Ar f CH3SCH2

+ + H + Ar
∆H°0 ) 2.21 eV (4)

f CH2SH+ + CH3 + Ar
∆H°0 ) 2.15 eV (5a)

f CH3S
+ + CH3 + Ar

∆H°0 ) 3.60 eV (5b)

f CH2S
+ + CH4 + Ar

∆H°0 ) 1.26 eV (6a)

f CH2S
+ + H + CH3 + Ar

∆H°0 ) 5.80 eV (6b)

f CHS+ + H + CH4 + Ar
∆H°0 ) 3.42 eV (7a)

f CHS+ + H2 + CH3 + Ar
∆H°0 ) 3.53 eV (7b)

f CHS+ + 2H + CH3 + Ar
∆H°0 ) 7.96 eV (7c)

f CH3
+ + CH3S + Ar

∆H°0 ) 4.18 eV (8a)

f CH3
+ + CH2SH + Ar

∆H°0 ) 4.44 eV (8b)

f CH3
+ + CH3 + S + Ar

∆H°0 ) 7.23 eV (8c)

TABLE 2: Appearance Energies (AEs) andEex Onset
Values

product ions CIDa AE (eV)
photoionizationa,b

Eex onset (eV)

CH3SCH2
+ 2.24( 0.06a

(1.284( 0.02)c

CH2SH+/CH3S+ 2.6( 0.2 2.20( 0.06a

(2.03( 0.018)c

CH2S+ 2.0( 0.2 1.90( 0.06a

(1.814( 0.018)c

CHS+ 7.6-8.2
CH3

+ 6.8-7.3

a This work. Appearance energy was determined in the CID study
of CH3SCH3

+(12A′′) + Ar. The uncertainties represent the precision
of the measurements.b Eex onset) AE(PI) - IE(CH3SCH3), where
AE(PI) is the AE determined in the photoionization of CH3SCH3.
c Reference 25.
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probing experiment. The total cross-section curve for the
m/z ) 47 ion from CH3CH2SH+ + Ar rises from the threshold
for the formation of CH2SH+ at 1.7 eV and becomes essential
constant at∼1.6 Å2 in theEcm range of 3.5-20 eV. Comparing
the cross-section curves for C6H6

+ in Figure 3b with those for
the mass-47 ions from CH3SCH3

+ + Ar and CH3CH2SH+ +
Ar in Figure 3a, we may conclude that the further rise in the
CID cross section for the mass-47 ion from CH3SCH3

+ + Ar
at Ecm g3.6 eV is most likely caused by the opening of the
CH3S+ + CH3 product channel (reaction 5b).

The experimental AE for the formation of CH2S+ is found
to be 2.0( 0.2 eV. Although this value is significantly higher
than the thermochemical threshold of∆H°0 ) 1.26 eV for
reaction 6a, the observed AE should correspond to the value
for the formation of CH2S+ + CH4. The difference of 0.74 eV
between the experimental AE and the thermochemical threshold
can be ascribed to an activation barrier for the H migration from
one methyl group to the other. The fast rise after the plateau at
∼7.5 eV suggests the opening of a new product channel. By
linearly extrapolating the rising cross-section curve to the plateau
region, we estimate that the onset for this new product channel
may be atEcm ) 7.3 ( 0.5 eV. Taking into account the large
uncertainty due to linear extrapolation and the internal energy
distribution of the intermediate state, we attribute the rise of
the cross section at 7.3 eV to the further dissociation of excited
product ions CH2SH+ and CH3S+ (product channels 5a and 5b)
to form CH2S+ + H + CH3 (product channel 6b). The formation
of other isomers, such ascis- andtrans-HCSH+, is possible at

higher collision energies. These latter isomers are estimated to
be 1.1 eV higher in energy than CH2S+.3

The experimental AE(HCS+) determined in the range of 7.6-
8.2 eV is significantly higher than the thermochemical threshold
of ∆H°0 ) 3.42 and 3.53 eV for reaction 7a or 7b, respectively,
but is in reasonable agreement with the value∆H°0 ) 8.01 eV
for reaction 7c. Thus, we may conclude that the formation of
the major fraction of HCS+ is likely accompanied by the
production of 2H+ CH3. However, HCS+ ions may still be
contributed by product channels 7a and 7b, accompanied by
the formation of H2 + CH3 or H + CH4, respectively. Product
channel 7a may result from H2 elimination from internally
excited CH2SH+/CH3S+ formed in reactions 5a and 5b, whereas
product channel 7b may be formed by the further dissociation
of excited CH2S+ formed in reaction 6a.

The AE for the formation of CH3+ was determined to be in
the range of 6.8-7.3 eV. Because the value is lower than the
thermochemical threshold of∆H°0 ) 7.23 eV for reaction 8c,
we can exclude the possibility of secondary dissociation of
CH3S+ to form CH3

+ + S in the threshold region. Although
the AE of 6.8-7.3 eV is significantly higher than the value
corresponding to thermochemical thresholds of∆H°0 for reac-
tions 8a and 8b, 4.16 and 4.44 eV, respectively, we may still
attribute the formation of CH3+ near the AE to direct scission
of the C-S bond from reactant ions. The very gradual rise at
the threshold and the small cross section are to be expected
for the less-favored formation of CH3+ compared to that of
CH2SH+ (CH3S+). Because IE(CH3) ) 9.8380( 0.0004 eV23

is significantly higher than IE(CH2SH) ) 7.536( 0.003 eV16

(IE(CH3S) ) 9.2649( 0.0010 eV), the charge is thus much
less likely to reside on CH3 during the dissociation process.

B. Comparison of Product Ions and Their Branching
Ratios Observed in CID and Photoionization.The relative
abundances (in percentages) of the product ions, CH2SH+/
CH3S+, CH2S+, CHS+, and CH3

+, in the CID reaction of
CH3SCH3

+ are shown in Figure 4a. The sum of the abundances
for all of the product ions is normalized to 100%. The CH2S+

ion, the most stable product channel accompanied by the
formation of CH4, tends to dominate at low energy. The
formation of CH2SH+/CH3S+ dominates in the wholeEcm range
beginning from its AE at 2.6 eV. The abundances for other
minor product ions are negligible belowEcm ≈ 7 eV and start
to increase gradually beginning from their corresponding onsets,
about where the CH2SH+/CH3S+ decreases monotonically
toward high energy. This observation can be taken as evidence
that CH2SH+/CH3S+ ions are precursor ions for the other minor
ions.

To examine possible differences between the dissociation
mechanisms via collisional activation and photoionization, we
have also measured the photoionization efficiency (PIE) curves
at photon energy of up to 13 eV. Because the PIE curves for
CH3SCH3

+, CH3SCH2
+, CH2SH+/CH3S+, and CH2S+ are in

good agreement with those reported previously,24,25the spectra
are not presented in this paper. The observed AE values for the
formation of CH3SCH2

+, CH2SH+/CH3S+, and CH2S+ in
photoionization are listed in Table 2 to compare with those
values determined in CID. To compare the product abundances
observed in photoionization with those in CID, the photon
energies (hν) in PIE measurements are converted into maximum
excitation energies (Eex) of CH3SCH3

+ by the relationEex )
hν - IE(CH3SCH3). That is,Eex in the photoionization exper-
iment is equivalent toEcm in the CID experiment, which is used
to determine the maximum excitation energy for CH3SCH3

+

via collisional activation.

Figure 3. (a) Absolute total cross-section curves (O) for the mass-47
ion formed in the CID reaction of CH3SCH3

+ + Ar (Ã) and CH3CH2-
SH+ + Ar (0) atEcm ) 1-20 eV. (b) Absolute cross section for C6H6

+

observed in the charge-transfer reaction of C6H6 with the mass-47 ion
at a fixedEcm of 0.2 eV. The mass-47 ions are formed in the CID
reaction of CH3SCH3

+ + Ar at Ecm ) 2-7 eV. We note that theEcm

onset at 3.6( 0.2 eV is in agreement with the threshold of 3.60 eV
for reaction 5b.
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The most significant difference between the CID and pho-
toionization results is that the formation of CH3SCH2

+ observed
in photoionization is not observed in the CID experiment. The
Eex onset of 2.24( 0.06 eV observed for CH3SCH2

+ is in
agreement with the predicted value of∆H°0 ) 2.21 eV for
reaction 4. After comparing theEex onset value of 2.20( 0.06
eV for the mass-47 ion with the thermochemical threshold of
∆H°0 ) 2.15 eV for reaction 5a, we conclude that CH2SH+ is
formed near the photoionization threshold. To examine the
existence of its isomer CH3S+ at higher energy, we use the
charge-transfer reaction with C6H6 to probe the structure of the
mass-47 ions. The fact that no charge-transfer product C6H6

+

ions were observed indicates that the mass-47 ions formed in
the photoionization of CH3SCH3 have the CH2SH+ structure.
It is interesting that the photoionization of CH3CH2SH, an

isomer of CH3SCH3, also produces the same isomeric structure
for the mass-47 ions. Although theEex onset of 1.90( 0.06
eV for CH2S+ observed in the photoionization of CH3SCH3 is
slightly higher than the thermochemical threshold of∆H°0 )
1.26 eV of reaction 6a, we may still conclude that the
CH2S+ + CH4 channel is formed near its AE in photoionization.

Figure 4b shows the relative abundances (in percentages) of
the product fragment ions, CH3SCH2

+, CH2SH+, and CH2S+,
observed in the photoionization of CH3SCH3. The sum of the
abundances for all of the products except CH3SCH3

+ is
normalized to 100% for the purpose of comparison with that in
the current CID experiment. The endothermicity for the forma-
tion of CH2S+ + CH4 is lower than that of CH3SCH2

+ + H
and CH2SH+ + CH3. The high yield observed atEcm < 2.3 eV
for CH2S+ is consistent with the prediction because the

Figure 4. Relative percentage abundances of the product ions (a) CH2SH+/CH3S+ (b), CH2S+ (O), CHS+ (9), and CH3
+ (4) observed in the CID

reaction of CH3SCH3
+ + Ar in the Ecm range of 2-18 eV and (b) CH3SCH2

+ (0), CH2SH+ (b), and CH2S+ (O) observed in the photoionization
of CH3SCH3 in the Eex range of 1.9-4.5 eV, whereEex ) hν - IE(CH3SCH3).
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formation of CH2S+ + CH4 is the only energetically allowed
dissociation channel in the lowEcm range. As the excitation
energy increases to beyond∼2.6 eV, the abundance of CH2SH+

becomes greater than that of CH2S+.
C. Ab Initio Gaussian-3 Study of the Dissociation Pathway

of CH3SCH3
+. To rationalize the dissociation pathways ob-

served in this study, we have calculated the stabilities and
structures of possible transition structures (TSs) and product
channels involving the dissociation reactions of CH3SCH3

+

using G3 theoretical procedures. The calculated potential
energies for possible rearrangement and dissociation pathways
leading to the formation of CH3SCH2

+, CH2SH+/CH3S+,
CH2S+, CHS+, and CH3

+ are depicted in Figure 5.
The dissociation reactions of CH3SCH3

+ to form CH3-
SCH2

+ + H, CHS+ + CH3 + 2H, and CH3
+ + CH3S, which

involve the cleavage of either a C-H or a C-S bond or both,
are predicted to have no potential barrier. These theoretical
predictions are consistent with the experimental observation that
the observed AE andEex values for these product channels agree
with the corresponding thermochemical thresholds. However,
the formation of CH2SH+ and CH2S+ from CH3SCH3

+ is
believed to involve TSs. The isomer ion CH2SHCH3

+ is
predicted to be a stable species, which can be formed by a 1,2
H shift from CH3SCH3

+. This isomeric ion is calculated to be
0.91 eV less stable than CH3SCH3

+. A TS for the 1,2 H shift
links CH3SCH3

+ to CH2SHCH3
+, and the barrier is 1.91 eV.

Hence, at excitation energies greater than 1.91 eV, these two
isomeric structures can interconvert and contribute to the
dissociation product ions. The CID threshold of 2.6( 0.2 eV
for the formation of CH2SH+ + CH3 is higher than the transition
barrier of 1.91 eV, so the rearrangement of the parent ion
CH3SCH3

+ via a 1,2 H shift is expected to proceed prior to
dissociation. The direct cleavage of the H2C(H)S+-CH3 bond
occurs without a barrier, forming CH2SH+ and CH3. As the
excitation energy is increased above the AE for CH3S+, the
dissociation of CH3SCH3

+ to form CH3S+ + CH3, which
involves the direct breakage of the CH3S+-CH3 bond, becomes
a plausible alternative.

Both the values of AE) 2.0( 0.2 eV andEex ) 1.9( 0.06
eV for the formation of CH2S+ ions are higher than the
thermochemical threshold of∆H°0 ) 1.26 eV for reaction 6a,
indicating that a potential energy barrier of∼0.75 eV may exist
above the energy of CH2S+ + CH4. Bearing this expectation in
mind, we have located a TS for this H shift between the S and
methyl C atoms, and this TS has a G3 transition barrier of 1.43

eV above CH2S+ + CH4 (leading to an overall effective barrier
of 2.84 eV). This calculated barrier is significantly higher than
the experimental value of 2.0( 0.2 eV, which suggests that
this H-shift TS may not be responsible for the dissociation and
rearrangement of CH2SHCH3

+ to CH2S+ + CH4. Nevertheless,
we have located another TS for the methyl shift across the S-H
bond. This TS leads to the formation of the CH2SH+‚‚‚CH3

complex and is followed by H abstraction from the methyl group
to yield CH2SH+ + CH4. The respective potential energy
barriers for the methyl shift and the H abstraction are calculated
to be 0.60 and 0.48 eV, respectively, above CH2SH+ + CH4.
Thus, the dissociation from CH3SCH3

+ to CH2S+ + CH4 is
governed by the potential energy barrier of the methyl shift
between CH2SHCH3

+ and CH2SH+‚‚‚CH3. The calculated
overall potential barrier of 2.01 eV is consistent with our
experimental finding of 2.0( 0.2 eV.

The formation of HCS+ can be accomplished by the further
elimination of H from products CH2SH+ + CH3 and CH2S+ +
CH4. These stepwise pathways (not shown in Figure 5), which
result in the formation of CHS+ + CH3 + 2H, are predicted to
proceed without a potential barrier.

D. Dissociation Mechanisms for Collision-Activated
CH3SCH3

+. In the Ecm range of this CID experiment, the
collisions are the most efficient to promote translational-
vibrational and translational-rotational energy exchanges. On
the other hand, the electronic excitation by low-energy collisions
is known to be highly inefficient. In the previous CID investiga-
tion of the CH3SH+ + Ar system, the observation that the
formation of CH3

+ + SH dominates the more stable product
channel CH2SH+ + H is contrary to the QET prediction. The
highest vibrational frequencies of CH3SH+ correspond to the
C-H and SH stretching modes with harmonic frequencies of
2556-3035 cm-1, whereas the C-S stretching frequency of
687 cm-1 is the second lowest. Fenn et al.2 argue that the internal
vibrational energy of CH3CH2SH+ resulting from collisions with
Ar is predominantly deposited in the C-S stretching mode
instead of the C-H or S-H stretching modes of CH3SH+.
Owing to the large difference in vibrational frequencies between
the C-S and C-H (or S-H) stretching modes of CH3SH+,
the C-S and C-H (or S-H) stretching modes are only weakly
coupled (i.e., the energy flow between the C-S and C-H (or
S-H) vibrational modes of CH3SH+ is inefficient). As a
consequence, the product CH3

+ ion, which results from the C-S
bond cleavage, is favored over the product CH2SH+ ions
resulting from the cleavage of the H-CH2SH+ bond.

This current CID study of CH3SCH3
+ + Ar, together with

the previous study of CH3CH2SH+ + Ar, can be considered to
be a further test for the proposed dissociation scheme on the
CID of CH3SH+ + Ar. On the basis of recent experimental
and ab initio calculations,26 the stretching frequencies associated
with the C-H, S-H, and C-S bonds are similar to those of
CH3SH+.27,28The C-C stretching mode of CH3CH2SH+ has a
frequency of 1000 cm-1,2,26 which is higher than the C-S
stretching frequency of 617 cm-1 but significantly lower than
the C-H (S-H) stretching frequencies of∼3000 cm-1. In
addition to the more efficient excitation of the C-S and C-C
stretching modes via collisional activation, the coupling between
the C-S and C-C modes of CH3CH2SH+ should also be more
efficient. Owing to the large frequency difference between the
C-S (C-C) and C-H (S-H) stretching modes, the coupling
or energy flow between the C-S (C-C) and C-H (S-H)
stretching modes may remain small on the time scale of the
dissociation process. Consequently, product channels arising
from the cleavage of the C-S and C-C bonds may dominate

Figure 5. Potential energy profile for the rearrangement and dissocia-
tion reactions of CH3SCH3

+. The energies shown are calculated at the
G3 level of theory. The geometrical structures for the species involved
are not shown.
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in the collisional-activated dissociation of CH3CH2SH+. This
expectation is confirmed by the dominant abundance of the
CH3CH2

+ and CH2SH+ ions observed in the CID experiment.
The failure to observe CH3CHSH+ from H elimination, which
is the most stable product channel, is attributed to the high
vibrational frequency of the C-H mode and the inefficient
energy flow between the C-H and C-S (C-C) stretching
modes. These results suggest that the collisional-activated
dissociation reaction of CH3CH2SH+ is not consistent with the
QET prediction. The vibrational frequencies of C-S and C-H
bonds in CH3SCH3

+ are similar to those in CH3CH2SH+. The
C-S stretching mode has a frequency of 660 cm-1, which is
significantly lower than the C-H (S-H) stretching frequency
of 3000 cm-1. Thus, the internal energy resulting from colli-
sional activation is predominantly deposited in the C-S
stretching mode rather than the C-H (S-H) stretching modes.
In addition, the coupling between the C-S and C-H (S-H)
stretching modes will be inefficient because of the large
differences in their vibrational frequencies. Hence, the product
ions CH2SH+/CH3S+ resulting from the rupture of the C-S
bond are favored over those from the cleavage of C-H or S-H
bonds of CH3SCH3

+. The observation that the formation of
CH2S+ + CH4 and CH2SH+/CH3S+ dominates in low and high
Ecm ranges, respectively, is consistent with expectations. The
failure to observe CH3SCH2

+, which was produced in photo-
ionization, further confirms the conclusion that the CID reactions
of those species are nonstatistical in nature.

We note that the requirement for the conservation of orbital
angular momentum in bimolecular collisions might partially
inhibit the H-loss channel, such as the formation of CH3-
SCH2

+ + H from CH3SCH3
+ + Ar. However, this effect alone

cannot account for the fact that we did not observe CH3SCH2
+

in the full Ecm range of interest in the present study.

IV. Conclusions

In the present work, the CID reaction of CH3SCH3
+ + Ar

has been investigated using a TQDO photoionization apparatus.
The absolute total cross sections for the product ions CH2SH+/
CH3S+, CH2S+, CHS+, and CH3

+ formed in the CID reaction
have been measured in theEcm range of 1-19 eV. In addition,
the AEs of these product ions, as well as that of CH3SCH2

+,
have also been measured using CID and photoionization
methods. By means of the charge-transfer probing technique,
we found that the mass-47 product ions formed in the CID
reaction of CH3SCH3

+ + Ar consist of both CH2SH+ and
CH3S+ isomers. The onsets for CID product ions CH2SH+,
CH2S+, CHS+, and CH3

+ are consistent with their ther-
mochemical thresholds. Also, the higher-energy channel
CH3S+ + CH3, which involves C-S bond scission, is found to
dominate in theEcm range immediately above its onset.
However, the lower-energy channel, corresponding to the
formation CH3SCH2

+ + H, is not observed from CH3SCH3 via
collisional activation. Such a strong preference for the higher-
energy channel is in agreement with the conclusion obtained in
previous CID studies of CH3SH+ and CH3CH2SH+, indicating
that the CID of CH3SCH3

+ is also nonstatistical. The high yields
of products CH3S+ + CH3 are attributed to the more efficient
translational-to-vibrational energy transfer for the low-energy
C-S stretching modes than for the high-energy C-H stretching
modes and to the weak coupling between these vibrational
modes with low and high frequencies of CH3SCH3

+. We have

also rationalized the dissociation pathways of CH3SCH3
+ leading

to product channels observed in this work by using G3
calculations.
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