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ABSTRACT: The thermal decomposition of ethanethiol was studied using a 1 mm X 2 cm pulsed
silicon carbide microtubular reactor, CH;CH,SH + A — Products. Unlike previous studies these
experiments were able to identify the initial ethanethiol decomposition products. Ethanethiol was
entrained in either an Ar or a He carrier gas, passed through a heated (300—1700 K) SiC
microtubular reactor (roughly <100 ps residence time) and exited into a vacuum chamber. Within
one reactor diameter the gas cools to less than S0 K rotationally, and all reactions cease. The
resultant molecular beam was probed by photoionization mass spectroscopy and IR spectroscopy.
Ethanethiol was found to undergo unimolecular decomposition by three pathways: CH;CH,SH —
(1) CH,CH, + SH, (2) CH; + H,C=S, and (3) H,C=CH, + H,S. The experimental findings
are in good agreement with electronic structure calculations.

1. INTRODUCTION

Raw energy sources including coal, petroleum, and biomass
contain varying quantities of sulfur contaminants. Converting
raw energy sources into usable liquid fuels is a complicated
process involving many steps, but two aspects are common to all
methods: (1) the use of heat to break chemical bonds of larger
organic molecules into smaller semivolatile or volatile species
and (2) the need to remove sulfur during the refining process.
The thermolysis chemistry of the sulfur compounds encountered
in petroleum and biofuels is poorly understood and, in some
cases, completely unknown. The current foundations in this field
are based on end point chemistry, meaning that the reaction
mechanisms have been proposed without direct evidence of
radical intermediates. This knowledge gap hinders any progress
in refinery cleanup methodology, as current efforts for improving
sulfur removal technologies are done with an incomplete picture
of the molecular level chemistry.

Despite the importance of sulfur in industrial processing, there
has been very little attention to the pyrolysis of organic sulfur
compounds. The thermal chemistry of ethanethiol has been
studied sporadically over the years, which has resulted in several
proposed thermal decomposition mechanisms.'~* Previous
work focused on the disappearance of the parent thiol with little
attention, as a result of experimental limitations, to the
identification and characterization of thermal decomposition
products. The lack of experimental information on initial
decomposition products has led to disagreement on the reaction
mechanisms for ethanethiol and many other alkanethiols.”~”

Sehon et al” and Bamkole et al.’ proposed a radical
mechanism for ethanethiol pyrolysis initiated by the cleavage
of the C—S bond. Sehon et al. also suggested a second possible
mechanism along with Thompson et al. that proceeds by
molecular elimination reactions.”” Recent theoretical work by
Baldridge et al.'’ predicts that the molecular elimination
channels for alkanethiols are unfavorable at low temperatures
(below 1000 K) as a result of the relatively high reaction barriers
compared with that of the more energetically favored radical
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reaction pathway in which the C—S bond is cleaved. However,
Baldrige et al. predicts that at higher temperatures (above 1000
K) the molecular elimination channels will be competitive with
radical processes. '

The thermal pyrolysis of ethanethiol shown in (1) has been
studied in static reactors, flow reactors, and flames over the last
80 years.'*

CH,CH,SH + A — Products 6))

Our present view on the thermal cracking of ethanethiol,
CH,CH,SH, is based on the early analysis of Sehon et al.” who
suggested two thermal decomposition channels. The lower
temperature pathway (785—938 K) (2) proceeds by molecular
rearrangement to form ethylene (C,H,) and hydrogen sulfide
(H,S)

CH,CH,SH — C,H, + H,S @)

and, at high temperatures, by a free radical (1005—1102 K)
mechanism (3) to form the ethyl radical (C,H;) and sulfanyl (or
mercaptal) radical (SH).

CH,CH,SH — C,H, + SH 3)

The compounds observed by Sehon et al. were H,S, C,H,, H,,
and CH,. Due to the experimental limitations of Sehon et al. as
well as other previous studies, reactive intermediates (i.e., SH
radical in (3)) produced as pyrolysis products were unable to be
detected. For this reason, the current mechanism for the thermal
decomposition of ethanethiol is based on end point chemistry
without direct evidence of radical intermediates. As is the case
with many molecules including ethanethiol, when end point
chemistry alone is used to propose thermal decomposition,
mechanisms often the most rich and unexpected chemistry is
overlooked.
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To understand reaction 1, it is important to examine the
thermochemistry of ethanethiol as this will provide a powerful
basis for the initial unimolecular decomposition channels. The
thermochemistry for ethanethiol is well-known."" The two
weakest bonds in ethanethiol are the C—S bond,'*™'*
DH, g (CH;CH,—SH) = 73.6 + 0.5 kcal mol™", and the C—C
bond,"® DH e (CH;—CH,SH) = 82.5 + 2.2 kcal mol ™. On the
basis of thermochemistry, it is expected that unimolecular
decomposition chemistry will be initiated by the cleavage of these
two bonds.

In this study, the thermal decomposition of ethanethiol was
investigated using a pulsed microtubular reactor and two
different methods of detection. The products of the reaction
were monitored using 118.2 nm (10.487 eV) vacuum ultraviolet
photoionization mass spectrometry (PIMS) and matrix isolation
IR spectroscopy. Within the microtubular reactor, ethanethiol
seeded in an inert carrier gas is rapidly heated to 1000—1300 K,
and decomposition is initiated. The relatively short residence
time in the reactor (50—100 us) ensures that the observed
chemistry emphasizes the unimolecular processes excluding all
but the most rapid bimolecular chemistry.

2. EXPERIMENTAL SECTION

A high-temperature pulsed microtubular reactor (or hyper-
thermal nozzle) was used to decompose ethanethiol. The
microtubular reactor is a version of the Chen—Ellison reactor
that has been used for several years to produce reactive
intermediates.'*~*° The hyperthermal nozzle features a (1 mm
i.d. X 3 cm long) SiC tube that can be heated up to 1700 K, with
the temperature monitored by a type C thermocouple mounted
to the outer wall of the SiC tube. A benefit of the microtubular
reactor is the short residence time (50—100 us).”” This short
residence time eliminates problems one might face in a typical
vacuum pyrolysis experiment, including secondary reac-
tions.”* >

Thermal cracking products are produced by pulsing
ethanethiol, CH;CH,SH, seeded in an inert gas (roughly 1-2
atm) through the resistively heated SiC tube into a vacuum
chamber. The valve can be fired at a nominal rate of 10—50 Hz.
The ethanethiol/Ar (<0.1%) mixture is injected into the SiC
tube where it undergoes thermal decomposition and expands
supersonically into a vacuum chamber (<107 Torr). The
rotational, vibrational, and translational temperatures drop
rapidly within a few reactor diameters. The dynamics of the
pyrolysis and gas transport in the reactor has been well
characterized usin% computational fluid dynamics and will not
be discussed here.”” Two independent spectroscopic techniques,
matrix isolation IR spectroscopy and PIMS, are used to monitor
and characterize the output of the microreactor. Figure 1
provides a schematic of the experimental apparatus.

Matrix isolation infrared spectroscopy involves freezing the gas
that is to be analyzed to a cold CsI window and then probing with
infrared light. The microtubular reactor is mounted to the
vacuum shroud of a Sumitumo CKW-21 two-stage closed-cycle
helium cryostat. The nascent cracking products, seeded in Ar,
that exit the reactor pass through a heat shield aperture plate and
are deposited on a CsI window cooled to S K. The CsI window is
approximately 2.5 cm from the exit of the reactor. The infrared
spectrum was measured using a Thermo Scientific Nicolet iS50
FTIR with a mercury/cadmium/telluride (MCT-A) detector. IR
spectra were collected within the frequency range 4000—500
cm™". The IR beam passes through a pair of CsI side windows
attached to the Sumitumo vacuum shroud. A benefit to the
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Figure 1. Schematic of the pulsed microtubular reactor used for
ethanethiol thermal cracking. Samples were collected in a 5 K cryogenic
matrix for analysis by infrared absorption spectroscopy or photoionized
with fixed frequency vacuum ultraviolet (VUV) light with ion detection
by a time-of-flight mass spectrometer.

matrix isolation apparatus is that it allows for accumulation of
nascent thermal decomposition products over time, promoting
good signal-to-noise, while simultaneously isolating the nascent
products from each other within the matrix to prevent any
secondary reactions.

The photoionization time-of-flight mass spectrometer that was
used in these experiments has been described in more detail
elsewhere; therefore, it is only briefly discussed here.*>* In
contrast to the matrix isolation setup, as the nascent cracking
products exit the microtubular reactor, the supersonic jet is
skimmed approximately 3—5 mm after exiting the SiC tube and
intersects with a 10.487 eV (118.2 nm) laser beam. The 10.49 eV
light is generated by the frequency tripling of the third harmonic
(356.6 nm, 30 mJ/pulse) of a Nd:YAG. The new ions are injected
by a positively biased repeller plate into a reflection time-of-flight
tube and accelerated into the drift zone by a strong electric field.
At the end of the flight tube, the ions are reflected back down to
the microchannel plate detector biased at negative voltage. The
PIMS provides mass-to-charge (/z) information that comple-
ments the vibrational frequencies obtained via the matrix
isolation experiment. The PIMS, unlike the matrix experiment,
does not require an accumulation of products for detection, and
therefore, the time duration for an experiment is shorter. A
typical matrix experiment can take up to 4 h for a single
temperature, whereas the PIMS experiments can accomplish
several temperatures in 1 h. For this reason, the PIMS was used
for quick determination of the optimal temperature for the
thermal decomposition of ethanethiol.

3. RESULTS: THERMAL DECOMPOSITION OF
ETHANETHIOL

Scheme 1 depicts the three product channels for the
unimolecular thermal decomposition of ethanethiol found in
this work.

Figure 2 shows the PIMS spectra of the decomposition of
ethanethiol in the high-temperature microtubular reactor. The
bottom trace is the mass spectrum that results when ethanethiol
seeded in helium (0.067% C,H,S in He) was pulsed through the
microtubular reactor at room temperature (300 K). The
ionization energy (IE) of ethanethiol is 9.2922 + 0.0007 ev.”’
Photoionization with 118.2 nm (10.487 eV) VUV light produced
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Scheme 1. Unimolecular Pathways for the Thermal
Decomposition of Ethanethiol

a) CH,CH, + SH
CH;CH,SH

b) CH; + H,C=S + H

¢) H,C=CH, + H,S

the parent ion, C,HS*, at m/z 62 and a **S, isotopomer peak at
m/z 64. The (64/62) isotope is calculated to be 4% for C,H,S",
which is consistent with natural abundance. The PIMS spectra at
900 and 1100 K were the same as that at room temperature.
When the reactor was heated to 1300 K, product ions at m/z 33
and 34 were observed, which arise from the ionization of the SH
radical (IE = 10.4219 + 0.0004 ¢V)*® and H,S (IE = 10.4607 +
0.0026 eV).* Figure 3 shows the PIMS spectra that result when
the reactor is heated to 1400 K. The bottom trace in Figure 3 is
the room-temperature mass spectrum of ethanethiol. When the
reactor was heated to 1400 K, product ions at m/z 33 and 34
increase from SH and H,S and new features at m/z 15, 28, and 46
are detected. The product ion at m/z 15 arises from the
ionization of the methyl radical, CH; (IE = 9.843 + 0.002 eV),"
and at m/z 28 from the ionization of ethylene (IE = 10.5138 +
0.0006 €V).*' The product ion at m/z 46 arises from the
ionization of thioformaldehyde, H,CS (IE = 9.376 + 0.003
eV).* Although the literature value for the ionization of ethylene
(C,H,) is greater than our 10.487 eV laser pulse, careful studies
of the photoionization efficiency curve show that C,H," can
appear around 10.47 eV.*"'

The PIMS in Figures 2 and 3 are very informative but only
confirm the identity of molecular products by m/z. The matrix IR
spectra shown in Figures 4—7 confirm the identity of
thioformaldehyde (m/z 46), hydrogen sulfide (m/z 34), sulfanyl
radical (m/z 33), and ethylene (m/z 28). Matrix IR spectra were
collected for ethanethiol decomposition using the microtubular
reactor. In Figures 4—7, the blue trace is a background scan of Ar
at 300 K and the black trace is a background scan of 0.01%
mixture of CH;CH,SH/Ar at 300 K.

The 1300 K matrix IR spectra shown in Figure 4 affirm the
presence of thioformaldehyde, CH,S, with IR transitions at 1055,
988, and 982 cm™. These bands closely match those previously
reported in Ar matrices by Jacox et al.” and Torres et al.** An IR
transition at 3025 cm™! for v, was also observed.™** Figure S

shows the IR spectrum of ethanethiol at 1300 K, which shows the
production of the SH radical at 2595 cm™ as a pyrolysis product.
The IR band observed in this work compares well with the
reported value of 2594 cm™" in a matrix by Isoniemei et al.** The
small peak at 2605 cm ™" was also observed by Isoniemei et al. and
is likely attributed to the fact that the SH radical was undergoing
rotation in the matrix. Although the majority of molecules do not
rotate in the matrix environment, it is well-known that small
molecules or radicals can undergo nearly unhindered rotation in
the matrix.**~*

Figure 6 confirms the presence of ethylene, C,H,, as a product
of ethanethiol decomposition. Figure 6 shows a comparison of
the matrix IR spectrum of CH;CH,SH heated to 1300 K with
that of a sample of pure ethylene that was deposited at room
temperature. Figure 6 shows distinctive bands for ethylene in the
wavelength ranges 1450—1410 and 1000—900 cm™'. The IR
bands at 1439 and 947 cm™" in Figure 6 belong to vy, and v of
ethylene. In addition to v, and v, vibrational modes v}, = 2995
cm™" and vy = 3081 cm™! were observed for ethylene. The IR
spectra in Figure 7 confirm the presence of H,S as a product from
ethanethiol decomposition. Figure 7 shows a comparison of the
matrix IR spectrum of CH;CH,SH heated to 1300 K with an
authentic room-temperature IR spectra for H,S (green trace).
The absorption at 1179 c¢cm™ in the heated CH,CH,SH
spectrum is unmistakably from the v, vibrational mode in H,S.
Vibrational mode 5 = 2635 cm™ was also observed for H,S.

4. DISCUSSION. DECOMPOSITION MECHANISM OF
ETHANETHIOL

These experiments have enabled us to identify the initial thermal
decomposition products of ethanethiol. Using the high-temper-
ature microtubular reactor, we have shown that ethanethiol
thermally cracks into the three distinct pathways depicted in
Scheme 1. To our knowledge, this work is the first to detect
reactive intermediates in the thermal decompositions of
ethanethiol. The three pathways found experimentally in this
work agree well with the theoretical findings of Baldridge et al."’
Additionally, the three decomposition channels proposed here
are analogous to the currently accepted decomposition
mechanisms for ethanol, which has been studied in great detail
both experimentally and theoretically.”>'

40
m/z

[N 3334
s 1,  1300K
D~
[o°]
!
o
=z
g 1100K
= .
o
e o]
=
g 900K
p—
g A
&b 62
oy
N
0 [ 300K
= | | | I |
~ 10 20 30 50 60 70 80

Figure 2. PIMS spectra of the decomposition products of ethanethiol in a high-temperature microtubular reactor.
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Figure 3. PIMS spectra for appearance of decomposition products from ethanethiol as the temperature of the microreactor is increased to 1400 K. The
inset provides a more detailed view of the m/z 46 region.
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Figure 4. Matrix IR absorption spectra demonstrating the presence of thioformaldehyde (CH,SH) following the pyrolysis of ethanethiol in a pulsed
reactor (0.01% CH;CH,SH/Ar). The blue trace is that of the buffer gas Ar at 1400 K; the black and red traces are CH;CH,SH at room temperature and
1300 K, respectively. The known bands v4 = 982 cm™, v, = 988 cm™, and 3 = 1055 cm™" of CH,SH are assigned.

The pathways for formation of CH;CH, + SH (Scheme 1a) cleavages of C—S (73.6 + 0.5 kcal mol ™) and C—C (82.5 +£2.2
and CH; + H,C=S + H (Scheme 1b) are from the bond kcal mol™"), respectively. Although it has been shown at a range
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Red = CH;CH,SH at 1300 K
Black = CH3;CH,SH at 300 K
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Figure 5. Matrix IR absorption spectra demonstrating the presence of
the sulfanyl radical (SH) resulting from the thermal cracking of
ethanethiol in a pulsed reactor (0.01% CH;CH,SH/Ar). The blue trace
is that of the buffer gas Ar at 1400 K; the black and red traces are
CH;CH,SH at room temperature and 1300 K, respectively. The single
vibrational mode of SH has been assigned at 2595 cm™".

of pressures and temperatures within the microtubular reactor
that the effective residence time is on the order of tens of
microseconds, we expect that the lifetime of the product
CH;CH, radical is too short for observation and rapidly
decomposes in the SiC reactor into ethylene and a hydrogen

atom, H,C=CH, + H.”° The thioformaldhyde (Scheme 1b)
observed in both PIMS and IR experiments results from the
isomerization of the CH,SH radical upon the C—C bond
rupture (CH,SH — H,C=S + H). This analogous isomerization
(CH,0H — H,C=0) is also observed in the thermal cracking
of ethanol.*”

The pathway for formation of H,C=CH, + H,S (Scheme 1c)
proceeds through an intramolecular elimination of ethanethiol.

H -
CHiCH,sH —— ) 5 H— Hc=CH, +H,S (@)
Ho-L-c
Ha

The barrier of formation for CH,CH, and H,S via the
intramolecular pathway (4) is 75.9 kcal/mol, which is 2 kcal/
mol higher than the measured C—S bond enthalpy.'” The
intramolecular pathway is also the most thermodynamically
favorable pathway. This unimolecular intramolecular pathway
(4) has been observed experimentally and theoretically in
ethanol and found to have a similar barrier to decomposition of
75.9 kcal/mol.** The shock tube and experimental study by Park
et al.”' determined this product channel to be the dominant
channel below 10 atm for ethanol in the temperature range 700—
2500 K. A second combined shock tube and theoretical study by
Sivaramakrishnan et al.* also found the intramolecular channel
to be a primary pathway for the unimolecular decomposition of
ethanol.

As hydrogen radicals in reactions a and b in Scheme 1 and the
methyl radical in the Scheme 1b reaction are produced,
discussion must be given to the possibility of bimolecular
reactions involving these radicals with ethanethiol, specifically
with reference to the intramolecular pathway. An advantage of
the microtubular reactor used in our work is the short residence
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Figure 6. Matrix IR absorption spectra demonstrating the presence of ethylene (H,C=CH,) following the thermal cracking of ethanethiol in a pulsed
reactor (0.01% CH;CH,SH/Ar). The blue trace is that of the buffer gas Ar at 1400 K, the black trace is CH;CH,SH at room temperature, the green trace
is a spectrum of pure ethylene at 300 K, and the red trace results from heating CH;CH,SH to 1300 K. The IR features at 1439 and 947 cm™" in the
spectrum at 1300 K clearly belong to v;, and v, of ethylene.
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Figure 7. Matrix IR absorption spectra demonstrating the presence of hydrogen sulfide (H,S) following the pyrolysis of ethanethiol in a pulsed reactor
(0.01% CH;CH,SH/Ar). The blue trace is that of the buffer gas Ar at 1400 K, the black trace CH;CH,SH at room temperature, the green trace is a
spectrum of pure H,S at 300 K, and the red trace is the spectrum resulting from heating CH;CH,SH to 1300 K. The IR absorption at 1179 cm™" in the

1300 K spectrum is confidently assigned to v, of H,S.

times, which help to minimize rapid secondary radical reactions.
It has been shown by both experience and extensive simulation
that the effective residence time in the microtubular reactor is on
the order 50—100 ps.””>* The possible H radical reactions with
ethanethiol and respective second-order rate constants reported
by Zhang et al.>* are as follows:

H abstraction from CH,4

CH,CH,SH + H — CH,CH,SH + H,

k(1400 K) = 6.31 X 10" cm® molecules ™ s (s)

H abstraction from CH,
CH,CH,SH + H — CH,CHSH + H,

k(1400 K) = 6.35 X 10~"* cm® molecules ' s~ (6)

H abstraction from SH
CH,CH,SH + H — CH,CH,S + H,

k(1400 K) = 6.30 X 10" cm® molecules ™" s™" (7)

substitution channel
CH,CH,SH + H — CH,CH, + H,S

! (8)

In the study by Guan et al.”’ the more rapid radical/radical
reaction of CH; + HCO — CH, + CO (k=2 x 107 cm?®
molecules™ s™') was studied in the microtubular reactor during
the pyrolysis of acetaldehyde. It was determined that if the initial
reactant concentration was less than 0.1%, then the half-life of
radicals would be approximately 200 ys between 1200 and 1300
K. Since the effective reaction residence time is much shorter
than this in the microtubular reactor, it is expected that even at
elevated temperatures, if the initial concentration of the reactant
is kept small, secondary reactions are minimized if not excluded
all together. The radical reaction studied in Guan et al. is an order

k(1400 K) = 5.37 X 10" cm® molecules ' s~

4958

of magnitude faster than the most rapid of the possible
bimolecular reactions of the H atom with ethanethiol (8).
Although it is still possible that a small fraction of products
H,C=CH, and H,S could result from the bimolecular
substitution channel (8), it is much more likely based on
energetics and the short residence time of the microtubular
reactor that the proposed intramolecular elimination channel (4)
is the major source of H,C=CH, and H,S in this study.

In addition to the bimolecular channels of CH;CH,SH with H
atoms, we have also considered the reactions of the methyl
radicals with ethanethiol. There are five likely reactions of the
methyl radical with ethanethiol. Three of the five involve a
hydrogen abstraction by the methyl radical from the CH;, CH,,
or SH groups of ethanethiol. In each of these abstraction
reactions methane, CH,, is the product. Although the ionization
energy of CH, (IE = 12.618 + 0.004 V)" is above the 10.487 eV
of our VUV laser, it is very straightforward to detect CH, using IR
spectroscopy. A pure sample of methane was deposited at room
temperature in the matrix for comparison with the heated
ethanethiol spectra. Methane was not observed in any of the
spectra generated from the thermal cracking of ethanethiol. The
lack of CH, in the matrix experiments allows us to confidently
eliminate all three hydrogen abstraction reactions by the methyl
radical. The remaining two potential bimolecular channels
involving the methyl radical are a substitution analogous to (8)
and a second substitution reaction.

substitution channel

CH,CH,SH + CH; - H,C—-SH + CH,CH, (9)
substitution channel
CH,CH,SH + CH; - H,C-S—-CH,-CH; + H (10)

The products methanethiol, H;C—SH (IE = 9.446 + 0.010),>
in reaction 9 and methyl ethyl sulfide, H;C—S—CH,—CH; (IE =
8.54 + 0.1),56 in reaction 10, if present, would have been detected
in both PIMS and matrix IR experiments. The PIMS spectra of
heated ethanethiol revealed no product peaks at m/z 48 or 76,
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corresponding to methanethiol and methyl ethyl sulfide,
respectively. Additionally, no vibrational modes were observed
for either species in the IR. Specifically, intense vibrational modes
for methanethiol (v, = 3015 cm™, v4 = 1072 cm™, and 13 = 710
cm™')*” and methyl ethyl sulfide (v, = 2976 cm™, v,, = 1457
em™,, v, = 1446 cm ™!, and v, = 1269 cm™!)*® were all absent in
the IR. The lack of spectral signatures in both experimental
techniques is convincing evidence that the substitution reactions
9 and 10 are not taking place during the thermal cracking of
ethanethiol. All efforts to detect the methyl radical in the matrix
failed. Previous studies have shown that it is difficult to detect the
methyl radical as a pyrolysis product using matrix isolation
spectroscopy. 22439

5. CONCLUSION

We have studied the thermal decomposition of ethanethiol in a
pulsed microtubular reactor at short residence times (50—100
us). The reactions were monitored with matrix isolation
spectroscopy and VUV photoionization mass spectrometry.
The experimental data collected are explained by the
unimolecular decomposition of ethanethiol to its pyrolysis
products. The thermal decomposition of ethanethiol produces
three unique product channels: (CH;CH, + SH), (CH; +
H,C=S + H), and (H,C=CH, + H,S). No evidence was found
for bimolecular chemistry.
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