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ABSTRACT: The photodissociation dynamics of the methyl perthiyl (CH3SS) radical
are investigated via molecular beam photofragment translational spectroscopy, using “soft”
electron ionization to detect the radicals and their photofragments. With this new
capability, we have shown that CH3SS can be generated from ﬂash pyrolysis of dimethyl
trisulﬁde. Utilizing this source of radicals and the advantages aﬀorded by soft electron
ionization, we have reinvestigated the photodissociation dynamics of CH3SS at 248 nm,
ﬁnding CH3S + S to be the dominant dissociation channel with CH3 + SS as a minor
process. These results diﬀer from previous work reported in our laboratory in which we
found CH3 + SS and CH2S + SH as the main dissociation channels. The diﬀerence in
results is discussed in light of our new capabilities for characterization of radical
production.

I. INTRODUCTION

CH3SS(X̃ 2A″) → CH3(X̃ 2A ″2) + SS(X3Σ−g )

Polysulﬁdes and the sulfur-centered radicals resulting from their
decomposition occur in diverse ﬁelds of chemistry. Low-valence
sulfur compounds play important roles in sulfur cycle
chemistry,1,2 in proteins as the amino acid cysteine,3 and the
Venusian atmosphere.4 Due to the prevalence of the disulﬁde
bond in particular, alkyl disulﬁdes have been studied
extensively, with recent investigations focusing on the dynamics
of alkyl disulﬁde photodissociation.5−10 Dimethyl disulﬁde
(DMDS) is known to undergo two main dissociation pathways,
cleaving either the C−S or S−S bond.5,11−13 Although the
photochemistry of the thiomethoxy radical (CH3S) has been
studied,14−16 the methyl perthiyl radical (CH3SS) has received
less attention. Apart from roles the methyl perthiyl radical may
play in disulﬁde chemistry, the radical is of additional interest as
an isovalent analog to the methyl peroxy radical (CH3OO), an
important species in combustion and atmospheric chemistry.17−19 In this work, we investigate the ultraviolet photodissociation of CH3SS with improved experimental capabilities
compared to an earlier report from our laboratory,20 ﬁnding
markedly diﬀerent results.
The electronic ground state of the methyl perthiyl radical is
the X̃ 2A″ state, in which the radical electron is delocalized over
the two S atoms in a π*-like orbital.21,22 The ultraviolet (UV)
absorption spectrum of CH3SS has not been experimentally
characterized, though spectra of HS2 and tert-butyl perthiyl
radicals have been measured to ∼320 nm with intensity maxima
around 340−370 nm.23,24 Ionization energies and electron
aﬃnities of the methyl perthiyl radical have been characterized
experimentally25−28 and theoretically.22,26,29−31
The three lowest energy dissociation channels for the methyl
perthiyl radical are
© XXXX American Chemical Society

D0 = 48.6 kcal/mol

(1)

See references 26, 32, and 33.
CH3SS(X̃ 2A ″) → CH3S(X̃ 2 E) + S(3P)
D0 = 79.5 kcal/mol

(2)

See references 15, 26, and 34.
CH3SS(X̃ 2A ″) → CH 2S(X̃1 A1) + SH(X2Π)
D0 = 46 kcal/mol

(3)

See references 26 and 29.
The CH3 + SS channel has been observed to occur from
vibrationally hot CH3SS produced by the photodissociation of
dimethyl disulﬁde at 193 nm.5,11−13 Though the SH loss
channel is lower in energy, the minimum energy pathway on
the electronic ground state for this channel involves passage
over a 50 kcal/mol isomerization barrier en route to the
CH2SSH well.29 An S2 loss pathway has been observed in the
photodissociation of the tert-butyl perthiyl radical at 365 nm
using EPR spectroscopy in a hydrocarbon matrix.35
Recent theoretical work has explored electronic excitation of
the methyl perthiyl radical,22 ﬁnding two doublet states at 1.176
eV (12A′) and 3.422 eV (22A″) above the ground state. A
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energies were also varied to perform photon ﬂuence dependence studies as discussed in the Supporting Information. The
laser and pulsed valve were operated at 200 and 400 Hz,
respectively, to enable isolation of the photodissociation signal
via background subtraction.
Photofragments were collected as a function of the
laboratory scattering angle, Θlab, relative to the molecular
beam in the scattering plane deﬁned by the molecular and laser
beams. Upon entering the detector, photofragments were
ionized using a “soft” electron ionization (EI) source47 capable
of producing electrons with tunable energy as low as 7 eV. Soft
ionization has been shown by Casavecchia and co-workers48 to
be a powerful tool in reactive scattering experiments, because it
reduces dissociative ionization (DI) in the ionizer and, as
discussed below, provides a useful means for optimizing radical
production.
Cations produced in the ionizer were mass-selected using a
quadrupole mass ﬁlter and detected with a Daly style ion
counter.49 Ion counts were recorded and binned as a function
of time relative to the laser pulse interacting with the molecular
beam. The resulting time-of-ﬂight (TOF) spectra were
collected using a multichannel scaler interfaced to a computer
and were typically averaged over 105−106 laser shots. All
photofragment TOF spectra were simulated using an iterative
forward convolution program, producing center-of-mass translational energy distributions as discussed in section IV.
The radical beam was characterized by a spinning, slotted
chopper wheel. Typical beam velocities were around 1800 m/s
with speed ratios, deﬁned as the ratio of beam velocity to the
spread in velocities, of ∼5. Further characterization was
performed by acquiring on-axis (Θlab = 0°) mass spectra at a
variety of pyrolysis source powers and monitoring depletion of
the precursor parent signal at m/z = 126 (C2H6S3+). For
selected pyrolysis source powers, appearance energy measurements were carried out for several m/z values by taking
ionization eﬃciency curves (IECs), in which ion signal intensity
was recorded as a function of electron energy for ﬁxed electron
emission current. The linear portion of the resulting curve may
then be extrapolated to zero intensity, yielding the appearance
energy of each ion mass. Appearance energies were used to ﬁnd
pyrolysis source conditions under which the CH3S2+ signal at
m/z = 79 originated from ionization of CH3SS as opposed to
DI of the DMTS precursor.
To determine the photofragment angular distribution, laser
polarization studies were performed by passing the unpolarized
excimer laser light through a stack of eight quartz plates at
Brewster’s angle. The stack was held in a rotatable mount,
allowing for rotation of the electric ﬁeld with respect to the
plane deﬁned by the molecular beam and detector axis. The
laser polarization was rotated while monitoring photodissociation signal at ﬁxed laboratory scattering angle, similar to the
work described by Butler and co-workers.50,51 The polarization
purity was determined by passing the output from the quartz
stack through a birefringent MgF2 prism, resulting in two
spatially separated, linearly polarized spots. Measuring the
intensity of each spot indicated that the combined output from
the quartz stack is a 9:1 mixture of the two linear polarizations.
Pyrolysis and photodissociation experiments were also
performed under the conditions of our previous study in
which DMDS was used as the radical precursor20 and on the
photodissociation of DMTS itself; details of these experiments
may be found in the Supporting Information.

bound quartet state (14A″) was also found at 4.216 eV with
dramatic elongation of the S−S bond. An additional 4A′ state
was found to be repulsive along the S−S coordinate resulting in
CH3S + S, but no excitation energy to this state was given.
Our laboratory reported the ﬁrst investigation of the primary
photochemistry of the methyl perthiyl radical.20 In that work,
we attempted to generate CH3SS by ﬂash pyrolysis of DMDS,
photodissociate the radical at 248 nm, and characterize the
products with photofragment translational spectroscopy.36 The
results indicated both CH3 loss (channel 1) and SH loss
(channel 3); there was no evidence for S−S cleavage, the only
photodissociation channel for DMDS at 248 nm.12,13 Analysis
was hindered by substantial radical precursor contamination
and a lack of momentum-matched photofragment pairs from
either dissociation channel. These concerns prompted our
group to probe the radical photochemistry starting from the
methyl perthiyl anion37 using our fast radical beam (FRBM)
photodissociation instrument,38,39 a technique that allows for
mass selection of the desired anion prior to photodetachment
and photodissociation. That investigation revealed a very
diﬀerent methyl perthiyl photochemistry than our initial report:
S atom loss, channel 2, was the dominant dissociation pathway
with CH3 loss as a minor contribution.
This discrepancy has led us to reinvestigate the photodissociation of methyl perthiyl via ﬂash pyrolysis and
photofragment translational spectroscopy. Using a diﬀerent
radical precursor, dimethyl trisulﬁde, and a newly installed
tunable energy electron ionizer,40 we were able to optimize
conditions for CH3SS production and determine its primary
photochemistry at 248 nm. The results show the dominant
channel to be CH3S + S, with evidence for a small amount of
CH3 + SS production.

II. EXPERIMENTAL SECTION
The experiments described herein were performed on a
universal crossed molecular beam machine with a ﬁxed-source
and rotatable detector, modiﬁed to perform photofragment
translational spectroscopy; further details may be found
elsewhere.41,42 Room temperature dimethyl trisulﬁde (DMTS,
CH3S3CH3) was seeded in 1.2 bar of 10% N2 in He, resulting in
∼1% DMTS. The resulting gas mixture passed through a
piezoelectric pulsed valve and then through a resistively heated
SiC ﬂash pyrolysis source into the source vacuum chamber,
resulting in a supersonic expansion. The pyrolysis source is
based on the design of Kohn et al.43 and has been used
previously in our lab to successfully produce several radical
species.40,44,45 Power dissipated by the source is controlled by a
current regulated power supply. DMTS was chosen as a radical
precursor because, for alkyl sulﬁdes with more than two sulfur
atoms, the S−S bond is expected to have a dissociation energy
of approximately 34 kcal/mol, ∼20 kcal/mol weaker than the
C−S bond in DMTS (and DMDS, the radical precursor used in
our previous work).46 Previous work in our laboratory on the
phenyl radical45 has shown that the 10% N2/He gas mixture
results in better cooling in the ﬂash pyrolysis source than pure
He.
The free jet emerging from the source passed through two
skimmers that serve to separate the source and scattering
chambers and to form a collimated molecular beam in the
scattering chamber. The radical beam was crossed at 90° with
the 2 × 8 mm2 focused output of a Lambda Physik LPX 220i
excimer laser at 248 nm; typical pulse energies were 60 mJ/
pulse, resulting in a photon ﬂuence of 375 mJ cm−2. Pulse
B
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Figure 1. (a) Mass spectra of the molecular beam taken at two diﬀerent pyrolysis source powers normalized to the signal at m/z = 79. The black
trace (cold pyrolysis source) shows the precursor mass spectrum using an electron ionization energy of 19 eV. The red trace (hot pyrolysis source)
shows depletion of the precursor peak. (b) Ionization eﬃciency curves for the m/z = 79 component of the molecular beam with the pyrolysis source
cold (black) and hot (red).

III. RESULTS
Figure 1a shows mass spectra of the molecular beam at two
diﬀerent pyrolysis source conditions: a “cold” pyrolysis source
(dissipating 0 W), and a “hot” pyrolysis source (dissipating 45
W). As the power dissipated by the source is increased, the
DMTS parent peak at m/z = 126 disappears, leaving peaks at
m/z = 79 (CH3S2+), 64 (S2+), and 47 (CH3S+). Under a third
set of conditions at even higher power (80 W), termed “very
hot”, the m/z = 79 contribution in the molecular beam is
depleted, leaving a dominant feature at m/z = 64. Though the
source temperature was not directly measured, consistent
source temperatures were assumed as the power dissipated by
the source was held constant for each set of conditions.
Figure 1b shows the IECs at m/z = 79 under cold and hot
pyrolysis source conditions. An appearance energy of 12.1 eV at
m/z = 79 was found with the cold source, in agreement with
the previously reported52 value of 12.3 ± 0.3 eV for the
appearance of CH3SS+ from DMTS. With a hot pyrolysis
source, the curve visibly shifts and the appearance energy
decreases to 8.7 eV, in good agreement with the known
ionization energy of 8.63 eV for CH3SS.28 Similarly, m/z = 47
shows an appearance energy of 12.5 eV with a cold pyrolysis
source (previously reported52 as 12.9 ± 0.2 eV), dropping to
9.2 eV with a hot pyrolysis source, consistent with the
production of CH3S.53 It is important to note that, for
dissociative ionization, an appearance energy derived from a
linear extrapolation is not equivalent to the thermochemical
threshold for daughter ion formation.54 A more rigorous ﬁt of
the threshold region using a power law, as discussed in detail
elsewhere,55 yields dissociative ionization thresholds of 10.6 ±
0.6 and 10.4 eV ± 0.6 eV, respectively, in excellent agreement
with the expected values of 10.8 eV for CH3S+ + CH3SS and
10.1 eV for CH3S + CH3SS+ from DMTS.28,46,56 Similar
measurements were performed with the DMDS precursor as
discussed in the Supporting Information. Unlike DMTS,
pyrolysis of DMDS appears to only produce small quantities
of CH3SS before decomposing to S2.
TOF spectra were taken for photofragment signals at m/z =
79, 64, 47, 46 (CH2S+), 45 (CHS+), 44 (CS+), 33 (SH+), 32
(S+), and 15 (CH3+), accounting for the dissociation channels
1−3 and daughter ions from dissociative ionization (DI) during
EI. With a cold pyrolysis source, DMTS photodissociation
using an electron ionization energy of 16 eV revealed one TOF
feature at m/z = 79 and 47; further discussion may be found in

the Supporting Information. With a hot pyrolysis source, no
photodissociation signal was observed at m/z = 79 for spectra
averaged for 106 laser shots, consistent with total depletion of
the DMTS under these conditions.
Sample TOF spectra taken with a hot pyrolysis source and an
electron ionization energy of 19 eV are shown in Figures 2 and

Figure 2. Example TOF spectra taken at m/z = 47 (top row, 2 μs bin
width) and m/z = 32 (bottom row, 1 μs bin width) using unpolarized
laser light and an electron ionization energy of 19 eV. The open circles
are data, and the solid line is a forward convolution simulation from
the P(ET) in Figure 5. The dashed lines at m/z = 32 are a forward
convolution simulation from the P(ET) in Figure S9 assuming CH3S
photodissociation.

3. Figure 2 shows TOF spectra at m/z = 47 at Θlab = 15° and
40°. These spectra exhibit one sharp peak; similar spectra are
seen from Θlab = 15−45°. TOF spectra at m/z = 47 and Θlab <
15° exhibit an additional slow peak. Figure 2 also shows TOF
spectra at m/z = 32 at Θlab = 15° and 25°; the two features seen
here persist out to Θlab = 45°, the highest angle taken at this
m/z value. TOF spectra taken at m/z = 32 and high electron
energy (100 eV) do not have well resolved features, most likely
due to ionization of background O2; example spectra are shown
in the Supporting Information. TOF spectral features at m/z =
46 and 45, as well as the second TOF feature at m/z = 32 and
47, are attributed to CH3S photodissociation and are discussed
in the Supporting Information. Spectra at m/z = 33 comprise
several overlapping, unresolved features.
C
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The attempt to replicate previous experimental results using
DMDS as the radical precursor is found in the Supporting
Information. Brieﬂy, a pyrolysis source dependent photodissociation feature at m/z = 64 is again observed, along with a
feature at m/z = 79 and m/z = 47, 46, and 45. Very low energy
electron ionization mass spectra and appearance energy
measurements of molecular beam constituents taken at a
variety of pyrolysis source powers show little to no production
of CH3SS from DMDS.

IV. ANALYSIS
Taken together, the results presented above strongly indicate
that DMTS is pyrolyzed under hot source conditions to
produce the methyl perthiyl radical and that we observe clear
photodissociation signal under these source conditions. To
analyze these laboratory-frame data, we determine the
corresponding center-of-mass translational energy and angular
distributions P(ET,θ). These distributions are generated by
simulating the observed TOF features assuming uncoupled
center-of-mass translational and angular distributions,

Figure 3. Example TOF spectra taken at m/z = 64 using unpolarized
laser light and an electron ionization energy of 19 eV. The open circles
are data, and the solid line is a forward convolution simulation from
the P(ET) in Figure 6.

The TOF spectra in Figure 3 show one broad feature at m/z
= 64 at Θlab = 20° and 35°, observed over Θlab = 5°−35° that
could arise from dissociation of CH3SS to CH3 + SS. The only
TOF feature found at m/z = 15 appears to be DI of the fast
feature at m/z = 47. Owing to unfavorable kinematics and
either high background signal (due to large background gas DI
at high electron ionization energies) or a low EI cross section at
low electron ionization energies,57 no CH3 photofragment
signal from CH3 + SS is observed. TOF spectra were also taken
using the very hot pyrolysis source conditions that deplete
CH3SS from the molecular beam. Multiple photodissociation
features present with the hot source were absent with a very hot
source; representative spectra may be found in Figure S12.
Figure 4 shows the results of the laser polarization study for
m/z = 47 photoproduct at Θlab = 15° and the m/z = 64

P(E T ,θ ) = P(E T) I(θ )

(4)

where P(ET) is the CM translational energy distribution and
I(θ) is the photofragment angular distribution. The photofragment intensity dependence on the laser polarization in centerof-mass coordinates has the functional form:58
I (θ ) =

1
[1 + βP2(cos θ)]
4π

(5)

where β is the anisotropy parameter, P2(x) is the second degree
Legendre polynomial, and θ is the CM scattering angle (the
angle between the electric ﬁeld vector and the CM product
recoil axis). The anisotropy parameter ranges in value from +2
to −1 depending on whether the transition dipole is parallel or
perpendicular to the dissociation axis.
For incomplete polarization of the laser light, the observed
TOF intensities will have contributions from both linear
polarizations and eq 5 must be rewritten to account for the
incomplete polarization. For the experimental geometry used
herein, eq 5 becomes
I (θ ) ∝

3
β(cos 2 ω)[x cos2 φ + (1 − x) sin 2 φ]
2

(6)

where ω is the angle between the CM recoil axis and the
molecular beam in the scattering plane, φ is the angle between
the electric ﬁeld vector and the scattering plane, cos θ =
cos ω cos φ, and x is the dominant fraction of light polarization
(x = 0.9 for this experiment). To determine ω, the TOF signal
at each m/z value was assumed to come from a single CM
velocity corresponding to the peak of the TOF spectrum,
yielding ω = 35° at m/z = 47 and 68° at m/z = 64. The value of
β may be determined by plotting eq 6 along with photofragment intensity for ﬁxed laboratory scattering angle versus φ, as
shown in Figure 4 for the m/z = 47 photofragment at Θlab =
15° and m/z = 64 photofragment at Θlab = 20°.50 The best
overall agreement between the CH3S TOF intensity data and
eq 6 appears to be for β = 0.8. To estimate the error in the
anisotropy parameter, eq 6 was plotted for several values of β
that still simulated the experimental data, yielding β = 0.8 ± 0.2.
The m/z = 64 intensity data shown in Figure 4 have no clear
dependence on the laser polarization, suggesting an isotropic
angular distribution.

Figure 4. Photofragment intensity at m/z = 47 (black) and m/z = 64
(red) as a function of φ. Intensities are normalized to φ = 0°, the
lowest angle recorded. Error bars represent the standard deviation
from the average intensity for repeated values of φ. The curves are
plots of eq 6 for the indicated values of β, also normalized to φ = 0°.

photoproduct at Θlab = 20°. To determine the signal intensity,
the entire m/z = 47 TOF spectrum was integrated while, at m/z
= 64, a 50 μs window centered at the peak was integrated.
These signals are plotted as a function of φ, the angle between
the laser polarization and the scattering plane. At m/z = 47, a
clear drop in photofragment intensity is observed as φ increases
from 0° to 90°. Conversely, the intensity at m/z = 64 appears
to have no dependence upon the laser polarization angle.
D
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The PHOTRAN forward convolution program59 is used to
produce the CM translational energy distributions shown in
Figures 5 and 6. Trial forms of the distribution are iteratively

distribution peaks at 28 kcal/mol with an average translational
energy ⟨ET⟩ = 27.4 kcal/mol and extends to 38 kcal/mol. A key
feature of the TOF assignments is that counterfragments from a
dissociation channel must be described by the same translational energy distribution. As shown in Figure 2, the fast
features at m/z = 47 and m/z = 32 can be simulated as
“momentum-matched” CH3S and S fragments from CH3SS
dissociation. Further evidence of the assignment is the
agreement between the observed maximum translational energy
and the expected Eavail.
Assignment of the m/z = 64 TOF spectra of Figure 3 is not
as straightforward. Without evidence for the CH3 counter
fragment, the observed feature can only be tentatively assigned
to the CH3 + SS product channel. Caution is required as
spectra for Θlab ≤ 15° show an increasingly prominent
contribution at longer ﬂight times (see Figure S13 in the
Supporting Information for an example of the TOF spectrum)
that persists under the very hot pyrolysis source conditions that
deplete CH3SS from the molecular beam. Although this
contribution to the TOF does not appear to be from the
methyl perthiyl radical, it obscures signal from CH3SS at long
ﬂight times. The TOF data for Θlab ≥ 20° in Figure 3 were
simulated with the P(ET) shown in Figure 6. This distribution
has an average translational energy ⟨ET⟩ = 24 kcal/mol, peaks
around 17 kcal/mol, and extends to the expected Eavail.
Attempts to simulate the slower contribution assuming methyl
perithyl photodissociation were unsuccessful, consistent with
the interpretation that this TOF contribution is not from
CH3SS.
For the TOF features currently attributed to CH3SS
photodissociation, other sources of signal must be considered,
as DMTS pyrolyzes not only to methyl perthiyl radical but also
to CH3S (by necessity) and possibly S2 (based our results with
a very hot source). Either of these may absorb a photon at 248
nm60,61 and CH3S photodissociation does appear to contribute
to some of the observed TOF signal, but neither can account
for all of the observed photodissociation features. Small
amounts of DMDS are present in our DMTS sample, but the
observed TOF features are not consistent with DMDS
photodissociation at 248 nm.13,20 CS2 and S3 appear as minor
contributions in the mass spectrum in Figure 1 with the
pyrolysis source on. CS2 does not absorb 248 nm light,62,63 and
there was no evidence for the momentum-matched m/z = 32
counter fragment assuming that S3 dissociation produces the
features at m/z = 64. As such, the most reasonable conclusion is
that the methyl perthiyl radical photodissociates via the CH3S +
S and CH3 + SS pathways.
We next consider the branching ratio for these two channels.
In previous work in our lab, most recently on the benzyl
radical,40 product branching ratios were determined by ﬁnding
at least one m/z value with TOF contributions from all
photoproduct channels. Here, however, no single m/z value
shows features from both CH3SS dissociation pathways.
Nonetheless, the photodissociation product channel branching
ratio may be calculated using the following equation:64

Figure 5. Center-of-mass P(ET) assuming anisotropic S−S bond
ﬁssion (β = 0.8) from the methyl perthiyl radical used to simulate the
TOF spectra in Figure 2 (solid line). The maximum observed
translational energy is 38 kcal/mol.

Figure 6. Center-of-mass P(ET) assuming isotropic C−S bond ﬁssion
from the methyl perthiyl radical used to simulate the TOF spectra in
Figure 3. The maximum translational energy is 67 kcal/mol in
agreement with the expected Eavail = 66 kcal/mol. Translational
energies below ∼17 kcal/mol (shaded gray) are uncertain due to a
slower contribution to the photodissociation feature appearing at
lower laboratory scattering angles and m/z = 64.

adjusted point-wise until TOF simulations agree with all
photofragment data for all scattering angles acquired with
unpolarized laser light. For the CH3S + S distribution in Figure
5, a value of β = 0.8 was used whereas the CH3 + SS P(ET)
shown in Figure 6 was produced using an isotropic (β = 0)
angular distribution.
By conservation of energy, the available energy (Eavail) in
photodissociation is given by
Eavail = hν − D0 + E0 = E T + E int

(7)

where hν is the photon energy, D0 is the bond dissociation
energy, E0 is the nascent radical internal energy, ET is the
photoproduct translational energy, and Eint is the photoproduct
internal energy. In the limit of internally cold radicals (E0 = 0)
and photoproducts (Eint = 0), the maximum translational
energy is given by Eavail = hν − D0 = ET.
The simulations shown in Figure 2 were generated using the
translational energy distribution shown in Figure 5. The

f (Eelec) T3
σ (E )
N1+(Θ lab,Eelec)
× 3 elec × 3
×
+
σ1(Eelec)
N3 (Θ lab,Eelec)
f1 (Eelec)
T1
⎛ m × m4 ⎞ ∫ PA(E T) IA(θ )v1/u1 dv1
= BR(A/B) × ⎜ 1
⎟×
⎝ m2 × m3 ⎠ ∫ PB(E T) IB(θ )v3/u3 dv3
(8)
E
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quantities of CH3SS to determine the radical’s photochemistry.
DMTS appears to be a superior precursor for CH3SS
production because S−S bond cleavage requires less energy
than the C−S bond cleavage required with DMDS (see
literature value comparison in section II).46
It is important to note that the data previously presented do
not appear to be in error: replication of our previous
experiment again revealed a pyrolysis source dependent TOF
feature at m/z = 64 and m/z = 46. In the original investigation,
TOF spectra acquired at m/z = 79 showed no discernible
photofragment signal. These TOF spectra, though, were not
acquired for a suﬃcient number of laser shots to observe the
photodissociation signal at this m/z value as shown in Figure S3
in the Supporting Informationevidence that would have
called into question assumption of methyl perthiyl radical
photodissociation. Information about the ionization energy of
species in the molecular beam was not available at the time.
Thus, our primary error appears to have been the assumption
of methyl perthiyl production and photodissociation. Taken
with the results from our investigations of the phenyl
radical,45,67 this work again highlights the exceptional care
that must be taken when one attempts to produce and study
these reactive intermediates.
In the present work, analysis of the molecular beam shows
good agreement between the measured and literature vales for
the methyl perthiyl radical ionization energy. Photodissociation
at m/z = 47 and 32 show momentum-matched photofragments
with the resulting P(ET) in agreement with the most recent
results from our group.37 Disappearance of the photodissociation features attributed to the methyl perthiyl radical
under the “very hot” pyrolytic conditions that remove the m/z
= 79 contribution from the molecular beam strongly suggests
that these photofragments are from CH3SS. The preponderance of evidence presented herein thus indicates CH3SS
production and photodissociation and we now proceed onto
our original goal of determining this radical’s primary
photochemistry.
For the CH3S + S channel, the P(ET) in Figure 5 is peaked
far away from zero translational energy and very close to the
available energy for electronic ground state photoproducts.
This type of behavior is indicative of dissociation on a repulsive
electronic state.36 This interpretation is supported by the
measurable photofragment anisotropy, a signature of rapid
dissociation prior to substantial energy redistribution or
rotational motion of the photoexcited radical.68 The agreement
between the fastest translational energy observed in the
distribution shown in Figure 5 (38 kcal/mol) and that expected
on the basis of the S−S bond dissociation energy (35.5 kcal/
mol) suggests that the (unknown) internal energy of the
radicals produced in the ﬂash pyrolysis source does not
markedly aﬀect the photofragment translational energy
distribution.
The CH3 + SS channel is less straightforward to assess than
the S atom loss channel. The broad, unstructured translational
energy distribution shown in Figure 6 is peaked away from
either ET = 0 or Eavail and is not consistent with dissociation on
a repulsive state nor does complete vibrational energy
redistribution seem to have occurred. Further dynamical
information cannot be inferred without the portion of the
translational energy distribution below 17 kcal/mol. Nonetheless, given that CH3 + SS is a low energy dissociation channel, it
is possible it arises from internal conversion to the ground state
followed by dissociation to these products, which would be

The notation in eq 8 assumes two photodissociation channels,
with masses m1 + m2 from channel A and m3 + m4 from channel
B. For the analysis below, channel A will be CH3S + S with m1
= 47 amu as the detected mass and channel B will be CH3 + SS
with m3 = 64 amu. The left side of eq 8 calculates the ratio of
neutral photofragment intensities from two channels at a given
laboratory scattering angle: Ni+(Θlab,Eelec) is the laboratory
TOF signal of the species of interest at Θlab and electron
ionization energy Eelec, σi is the electron ionization cross
section, f i is the probability of appearing at that m/z value, and
Ti is the ion transmission probability through the quadrupole.
On the right side of eq 8, BR(A/B) is the product branching
ratio of channel A to channel B, mi is the mass of species i, and
vi and ui are the laboratory and CM velocities of photofragment
i, respectively. For each point in the integration, ui and θ are
determined by the velocity of the molecular beam, the
photofragment laboratory velocity vi, and the laboratory
scattering angle Θlab. The molecular beam was assumed to
have a uniform velocity of 1800 m/s. Each integral evaluates the
probability that a CM velocity will result in a laboratory velocity
that contributes to the TOF at a given Θlab. Further details and
a derivation of this relationship may be found in Appendix B of
ref 64.
The electron ionization cross section σi may be calculated
using the binary-encounter-Bethe (BEB) model;65 details of
this calculation may be found in the Supporting Information.
Brieﬂy, the BEB model takes an orbital binding energy and
electron kinetic energy (calculated using the Q-Chem software
package66) to calculate an electron ionization cross section for
each orbital for a given electron ionization energy. The total
electron ionization cross section is then determined by
summing all orbital cross sections. As the calculated cross
sections showed a dependence on the theoretical method
employed, all combinations of the cross section ratio in eq 8
were calculated and an average ionization cross section ratio of
1.4 ± 0.2 was found. The third term in eq 8, f i, was determined
by collecting TOF spectra at each m/z value with measurable
signal; values of 44% for CH3S at m/z = 47 and 100% for S2 at
m/z = 64 were found using an electron ionization energy of 19
eV. As the diﬀerence in m/z for the two fragments is small
compared to the mass range of the radio frequency oscillator
used in these experiments, the ratio of transmission
probabilities is approximated as unity. The translational energy
distributions shown in Figures 5 and 6 were used for PA(ET)
and PB(ET), respectively, with β = 0.8 or 0 for the respective
angular distributions. Averaging over all of the calculated cross
sections and the BR determined at Θlab = 20−35°, the product
branching ratio is 15(10):1 in favor of the CH3S + S pathway.
The error in the branching ratio was estimated by calculating
the BR using a range of CH3 + SS translational energy
distributions that still produce reasonable simulations of the
m/z = 64 TOF spectra for Θlab = 20−35°.

V. DISCUSSION
The principal objective of this study was to reconcile the
diﬀerences between our previous investigation of the methyl
perthiyl radical20 with recent results from our group.37 Our
original investigation suggested dissociation via C−S bond
cleavage and an apparent SH loss channel whereas the FRBM
results revealed almost exclusive S−S bond ﬁssion. As
mentioned above and discussed in the Supporting Information,
our current results suggest that ﬂash pyrolysis of our original
precursor, dimethyl disulﬁde, did not produce suﬃcient
F
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consistent with the apparent isotropic angular distribution
shown in Figure 4.
Although TOF spectra at m/z = 46 and m/z = 33 exhibit a
photodissociation signal not attributed to S atom loss, these
features remain under the very hot pyrolysis source conditions
that remove CH3SS from the molecular beam. Trial translational energy distributions assuming CH2S + SH (channel 3)
could not simultaneously simulate the observed spectral
features, supporting the conclusion that these photofragments
are not from the methyl perthiyl radical. Thus, our current
results suggest that SH loss is at most a very minor process after
photoexcitation at 248 nm.
The current CH3SS photodissociation results are in agreement with the FRBM study37 at 248 nm. Both experiments
conclude that S atom loss occurs on a repulsive excited state to
produce ground state photoproducts. The measured anisotropy
parameter of 0.8 is consistent with a parallel transition and in
qualitative agreement with the FRBM value of 1.4. The
reported branching ratio of (S atom loss/CH3 loss) = 15 (i.e.,
94% S atom loss) is also in excellent agreement with the FRBM
result of 96% S atom loss from vibrationally cold CH3SS.
Although this comparison and the translational energy
distribution in Figure 5 do not directly address the internal
energy distribution of the radicals produced by ﬂash pyrolysis,
always a point of concern, they do indicate that whatever
internal energy is present does not substantially aﬀect the
photodissociation dynamics reported here.
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