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The reaction dynamics of excited sulfur atoms, S('D), with acetylene has been investigated by the crossed-
beam scattering technique with mass spectrometric detection and time-of-flight (TOF) analysis at the collision
energy of 35.6 kJ mol . These studies have been made possible by the development of intense continuous
supersonic beams of S(*P,'D) atoms. From product angular and TOF distributions, center-of-mass product
angular and translational energy distributions are derived. The S('D) + C,H, reaction is found to lead to
formation of HCCS (thioketenyl) + H, while the only other energetically allowed channels, those leading to
CCS(*Z", 'A) + H,, are not observed to occur to an appreciable extent. The dynamics of the H-elimination
channel is discussed and elucidated. The interpretation of the scattering results is assisted by synergic high-
level ab initio electronic structure calculations of stationary points and product energetics for the C,H,S ground-
state singlet potential energy surface. In addition, by exploiting the novel capability of performing product
detection by means of a tunable electron-impact ionizer, we have obtained the first experimental information
on the ionization energy of thioketenyl radical, HCCS, as synthesized in the reactive scattering experiment.
This has been complemented by ab initio calculations of the adiabatic and vertical ionization energies for the
ground-state radical. The theoretically derived value of 9.1 eV confirms very recent, accurate calculations
and is corroborated by the experimentally determined ionization threshold of 8.9 & 0.3 eV for the internally
warm HCCS produced from the title reaction.

1. Introduction

The chemical reactivity of atomic sulfur with inorganic and
organic molecules is an intriguing subject of research, but as
yet, mostly unexplored. A motivation to initiate an experimental
study of the elementary reactions of sulfur atoms resides in their
potential role in many different areas, such as material sciences
(especially in the production of sulfur-doped diamond!™?),
combustion of S-containing fuel and coal,* atmospheric chem-
istry,? and astrochemistry.5™ Sulfur oxidation and the formation
of sulfur oxides is certainly the topic of major concern in the
evaluation of the environmental impact of sulfur and its
compounds because of the well-known problem of acid rain.
Nevertheless, some interesting processes also involve the
reduced forms of sulfur, as witnessed by the identification of
simple molecules or radicals containing a C—S bond during
the combustion of sulfur-rich fossil fuels.* Similar species have
been identified' during the chemical vapor deposition of sulfur-
doped diamond starting from CH4/H,S mixtures. Remarkably,
it has been demonstrated that the combustion of sulfur-rich fossil
fuels produces more soot than the sulfur-poor ones,'® while the
formation of the CS radical in the gas-phase has been suggested
to be the first step toward sulfur incorporation into diamond.>
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The addition of small amounts of H,S into the gas used in the
deposition of diamond has also been seen to influence the
morphology of the diamond crystals.>* All these observations
imply that an active form of sulfur, such as atomic sulfur or
diatomic sulfur S,, directly interacts with the relevant hydro-
carbons or hydrocarbon radicals, thus affecting the final outcome
of these processes to some extent. The observation of simple
organo-sulfur compounds in other environments (such as in
the interstellar medium®’ and cometary comae®) also poses the
question of how they are formed in such different conditions.
Among those observations, probably the most striking one is
the detection of CS, CS,, and S, after the impact of the comet
Shoemaker-Levy 9 on Jupiter, where those species were
observed after the impact for several days.!! Some possible
mechanisms of C—S bond formation were suggested!? and
several were investigated in crossed beam experiments.'*!4

As a matter of fact, it is the substantial lack of experimental
data, both at the level of kinetic investigation and of reaction
dynamics, that has prevented us from establishing the actual
role of the reactions of atomic sulfur with hydrocarbons or
hydrocarbon radicals in all of the above-mentioned processes.
To this end, in our laboratory we have started a systematic
investigation of atomic sulfur reactions by means of the crossed
molecular beam (CMB) technique with mass-spectrometric (MS)
detection. Our investigations exploit the novel capability of
generating intense continuous supersonic beams of sulfur atoms
from a radio frequency (rf) discharge beam source, similar in
design to that described by Sibener et al.'> for oxygen atom
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beam production, and which has been successfully used in our
laboratory to produce other atomic and molecular radical
beams.'®"2! For the production of atomic sulfur we have chosen
SO, as molecular precursor and, similarly to the case of the
production of beams of atomic oxygen and carbon,!*222724 we
have obtained experimental evidence that the sulfur atoms are
produced not only in the ground electronic state, 3P, but also in
the first electronically excited, metastable state 'D. As in
previous cases, 202223 the presence of both species in the beam
allows us either to investigate the reactions of S(!D) when the
3P state is not reactive or the reactivity of both species when
both react. In the latter case, by performing high resolution
experiments we can separate the two contributions because of
the different energetics and, possibly, dynamics, as previously
done for OCP,'D) and C(’P,'D)."** Noticeably, the only
previous reaction dynamics studies of S-atoms were carried out
on two reactions of S('D); Liu and co-workers have investigated
the reaction S('D) + H, (and isotopic variants) by using a pulsed
CMB apparatus with laser photolysis generation of S atoms and
REMPI detection of the H product within a Doppler-shift
scheme,” while Dagdigian and co-workers performed LIF
studies of the SD product rotational distribution from the S(*D)
+ D, and S('D) + CDj reactions®®?’ in a photolysis-probe
experiment in a low-pressure quasi-static cell. In general, the
reactions of S(!D) may also be of considerable relevance,
especially in atmospheric chemistry. In fact, several reduced
sulfur compounds (such as CH3;SCH3;, CS,, CH3SH, CH3SSCH3,
H,S, and OCS) are abundantly released at the earth surface from
biogenic sources. Some of these species might survive and enter
the stratosphere or be injected directly into the stratosphere by
volcanic eruption.?® In the upper part of the atmosphere, those
sulfur compounds undergo UV photodissociation. For instance,
OCS can be photodissociated in the window between the O,
and Oj; absorptions producing CO and S°P,'D) and it is agreed
that the spin-allowed production of S('D) is the dominant
process.”’ Even the photodissociation of H,S at the Lyman-a
wavelength can occur via a three body dissociation with S('D)
formation.*® Since the lifetime of the metastable excited-state
is long enough (28 s),*' sulfur atoms in the excited 'D state
may well react with atmospheric constituents. The rate coef-
ficients for S('D) removal from several species at 300 K have
been measured and compared with those of the related species
O('D)* of great relevance in atmospheric chemistry. The rate
coefficients are very fast and similar in the two cases. In addition
to that, S('D) might be produced in the dissociation of H,S in
the chemical vapor deposition processes that exploits plasma
production by microwave or radiofrequency discharge. It should
be noted that in those processes a significant portion of methane
is rapidly converted to acetylene.'?

In this paper, we present the first report of crossed beam
experiments on the reaction of atomic sulfur with hydrocarbons.
Specifically, the reaction that is the subject of the present work
is the one between atomic sulfur in the first electronically
excited-state with a simple unsaturated hydrocarbon, namely
acetylene. In contrast to the analogous reaction involving O(°P)
and C(*P), sulfur atoms in the ground *P state do not react with
acetylene, as recently pointed out by ab initio calculations that
have derived a large endothermicity for the only possible
reactive channel leading to HCCS + H (AH; = +84.8 kJ
mol1).* The theoretical results give an indication that contrasts
with old results of kinetic experiments. Little and Donovan
measured the absolute rate for the S(P) removal by C,H, (at
295 K) to be 5.0 £ 0.5 x 107"* cm?® molecule™' s™! using flash
photolysis with time-resolved atomic absorption in the vacuum
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UV.3* Using a similar technique, Gunning and co-workers
performed a detailed investigation of S(°P) reactions with a
series of alkynes, including acetylene.> An activation energy
of ~12 kJ mol~! was inferred for the S’P) + C,H, reaction,®
but such a small activation barrier is clearly not in line with
the large endothermicity of the only possible reactive channel.
The reaction of S('D) with acetylene was also investigated by
kinetic experiments and found to be much faster with a room
temperature rate constant of ~ 5.0 x 107!'" cm?® molecule™! s7!.3*
In this case, because of the large energy content of the
electronically excited state, the H-displacement channel is
exothermic and amenable to the reactive system.
The possible reaction channels are

S('D) + C,H,

— HCCS(CTI) + H(S) AH] = —36.0kI mol~" (1)

—HSCC(CA") + H(S) AH) = +162.4kJ mol ™'

@)

—c-HC(S)CCA") + H(S)  AH] = +84.3kImol™" (3)

—CCS('A)+H, AH) = +273 kI mol ' (4)

—CCS(’E) + H, AHS = —30.2kImol™" (5)

—CS('=") + CH,('A)) AH = +92.9kI mol™" (6)

—CS('=%) + CH,('B)) AH] = +543 kI mol™" (7)

The production of three isomers with general formula C,HS
can be associated to the H-displacement mechanism, but among
them only the one leading to HCCS is exothermic. Molecular
hydrogen elimination can form either CCS in a singlet state
through a quite endothermic channel (4) or CCS in its ground
33~ electronic state (5). In this latter case an intersystem crossing
(ISC) to the triplet C,H,S potential energy surface (PES) is
necessary. All the other channels are strongly endothermic. We
have experimentally explored the possibility of both H-displace-
ment and H,-elimination occurrence and complemented the
crossed beam results with theoretical calculations of the C,H,S
singlet PES at the B3LYP and CCSD(T) levels of theory with
thermochemical calculations also performed at the W1 level.
The enthalpies of reactions reported above are those calculated
in the present work. The H, elimination channel has not been
observed to occur to an appreciable extent under the experi-
mental conditions of our experiments, while the dynamics of
the H-displacement channel has been characterized. In addition,
by exploiting the recently implemented novel capability**~3% of
measuring electron ionization efficiency curves of reactants as
well as reaction products synthesized in CMB experiments, from
100 eV down to very low values (ca. 7 eV), we have investigated
both experimentally and theoretically the ionization energy of
the thioketenyl (HCCS) radical product, for which no experi-
mental information was available prior to the present study (see
Section 7).
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2. Experimental Section

We performed scattering experiments at a collision energy,
E., of 35.6 kJ mol™! using a universal crossed molecular beam
apparatus which has been described elsewhere.!”* Briefly, two
well-collimated, in angle and velocity, continuous supersonic
beams of the reactants are crossed at 90° in a large scattering
chamber maintained at a pressure of 2 x 107% mbar in operating
conditions (2 x 1077 mbar base pressure). The angular and
velocity distributions of the products are measured by a rotatable
quadrupole mass spectrometer detector equipped with a tunable
electron-impact ionizer. The whole detector unit is contained
in an ultrahigh-vacuum (10™!" mbar) chamber. Continuous
supersonic beams of S atoms are generated from a high-pressure,
high-power radio frequency (1f) discharge beam source described
in ref.'® By discharging 65 mbar of a 1% SO, in helium gas
mixture through a 0.55 mm diameter quartz nozzle at 300 W
of nominal rf power, a supersonic beam with a peak velocity
of 2067 m s™!' and a speed ratio of 5.7 was obtained. The
characterization of the sulfur beam composition has not been
performed yet, but we anticipate that atomic sulfur is mainly
produced in the ground °P state. However, a significant
percentage of atomic sulfur in the excited 'D state (lying 110.5
kJ mol~! above the ground state) is also produced and survives
during the supersonic expansion, as demonstrated by the present
CMB study and others on the S(!D) + CH, and S('D) + C,H,
reactions.’>** Some S, can be present in the beam (not
observable directly with the mass-spectrometer because of the
presence of some undissociated SO, at the same m/z), but none
of the reactive experiments we have performed up to now
(including the reactions with methane®® and ethylene®®) have
pointed to a significant presence of this species in the beams.

A supersonic beam of acetylene was generated by expanding
450 mbar of C,H, through a 100 um diameter stainless-steel
nozzle kept at room temperature. The beam peak velocity was
833 m s~! and the speed ratio 5.1. Under these expansion
conditions C,H, clustering was negligible. Because of the
significant cooling during supersonic expansion, the acetylene
molecules in the beam are expected to be in the lowest rotational
states of essentially the ground vibrational level, and therefore
the internal energy of the molecular reactant contributes
negligibly to the total available energy.

The product laboratory angular distributions, N(®), were
recorded at m/z = 57 (C,HS™) and 56 (C,S™) by counting for
50 s at each angle and averaging over at least five scans. The
C,H, beam was modulated at 160 Hz by a tuning-fork chopper
for background subtraction. Velocity analysis of the beams was
carried out by conventional “single-shot” time-of-flight (TOF)
techniques, using a high-speed multichannel scaler and a
CAMAC data acquisition system controlled by a personal
computer. Velocity distributions of the products were obtained
at ten different angles using the cross-correlation TOF technique
with four 127-bit pseudorandom sequences. High-time resolution
was achieved by spinning the TOF disk, located at the entrance
of the detector, at 393.7 Hz corresponding to a dwell time of 5
us/channel. The flight length was 24.3 cm. Counting times
varied from 20 to 60 min depending upon the signal intensity.

As already mentioned, our crossed beam apparatus features
a tunable electron impact ionizer (with an electron energy
spanning a range from 100 eV down to ca. 7 eV) to ionize the
neutral product species. The use of a tunable ionizer allows us
to measure the product electron ionization (EI) efficiency curves
as a function of electron energy down to ionization thresholds
and, from these, to obtain a direct estimate of the ionization
energy of the radical products. In other words, as already pointed
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out,*3% we have developed the capability of deriving the
ionization energy (IE) of radical species by “synthesizing” them
in CMB reactive scattering experiments. This approach has been
applied here to the case of the radical product HCCS for which
no previous experimental information on the ionization energy
was available.

3. Computational Details

The potential energy surface of the S(!D) + C,H, system
was investigated by locating the lowest stationary points at the
B3LYP* level of theory in conjunction with the correlation
consistent valence polarized set aug-cc-pVTZ,* augmented with
a tight d function with exponent 2.457 for the sulfur atoms* to
correct for the core polarization effects.** This basis set will be
denoted aug-cc-pV(T+d)Z. At the same level of theory we have
computed the harmonic vibrational frequencies in order to check
the nature of the stationary points, that is, minimum if all the
frequencies are real, saddle point if there is one, and only one,
imaginary frequency. The energy of all the stationary points
was computed at the higher level of calculation CCSD(T)* using
the same basis set aug-cc-pV(T+d)Z. Both the B3LYP and the
CCSD(T) energies were corrected to 0 K by adding the zero-
point energy correction computed using the scaled harmonic
vibrational frequencies evaluated at B3LYP/aug-cc-pV(T+d)Z
level. The energy of S('D) was estimated by adding the
experimental*® separation SCP) — S('D) of 110.5 kJ mol~! to
the energy of SC’P) at all levels of calculation. Thermochemical
calculations were performed at the W1 level of theory.*’ It
should be recalled that in the W1 method*’ the geometry
optimization and the evaluation of the frequencies are performed
at the B3LYP/VTZ + d level while the energies are computed
at the CCSD(T)/AVDZ + 2d, CCSD(T)/AVTZ + 2d1f, CCSD/
AVQZ + 2dl1f level of theory (AVnZ is for aug-cc-pVnZ with
n =D, T, Q). All calculations were performed using Gaussian
03* while the analysis of the vibrational frequencies was
performed using Molekel.*’

4. Results and Analysis of Reactive Scattering
Experiments

In Figure 1 are shown the product laboratory (LAB) angular
distributions detected at m/z = 57 (corresponding to the ion
C,HS™, open circles) and 56 (corresponding to the ion C,S™,
solid circles) together with the relevant velocity vector (“New-
ton”) diagram. The error bars (representing =+1 standard
deviation) are also reported when they exceed the size of the
dots indicating the intensity averaged over the different scans.
In Figure 2 are shown the m/z = 57, 56 TOF spectra measured
at the angle ® = 19.25°. The measurements at m/z = 56 have
been performed in order to verify if the channels (4) or (5) are
open under the present experimental conditions. It is to be noted
that the ion C,S™ can also be formed by the dissociative
ionization of the HCCS product (channel 1) in the electron
impact ionizer. It can be clearly seen that both LAB angular
and TOF distributions recorded at m/z = 56 were found to be
fully superimposable on the ones recorded at m/z = 57. This
implies that the signal observed at m/z = 56 mostly comes from
the dissociative ionization of HCCS product and the channels
(4)/(5) give a negligible contribution (if any) to the observed
signal. Some reactive signal of smaller intensity was also
observed at m/z = 59 and 58 associated with the same product
with the mass 34 isotope of sulfur.

All the final measurements were performed at m/z = 57,
because of the higher signal-to-noise ratio. TOF spectra at m/z
= 57 were measured at ten selected LAB angles. They are
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Figure 1. Laboratory angular distributions recorded at m/z = 57 (open
circles) and m/z = 56 (solid circles) for the reaction S('D) + C,H, at
E.=35.6 kJ mol™". Error bars, when visible outside the dots, represent
+1 standard deviation from the mean. The solid line is the total angular
distribution calculated when using the best-fit functions reported in
Figure 4. The velocity vector (Newton) diagram of the experiment is
also shown. The circle in the Newton diagram delimits the maximum
velocity that the HCCS product can attain in the CM system on the
basis of linear momentum and energy conservation if all the available
energy goes into product translational energy.
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Figure 2. TOF distributions of m/z = 57 (open circles) and m/z = 56
(solid circles) for the reaction S('D) + C,H, at E, = 35.6 kJ mol™! at
the scattering angle of 19.25° (counting times are 5 and 10 min for the
spectra recorded at m/z = 57 and 56, respectively).

reported in Figure 3. At the maximum of the angular distribution
(® = 17°), the signal is about 800 counts/s (emission current
= 2 mA; ionizing electron energy = 60 eV) and the signal-to-
noise ratio is about 120. The LAB angular distribution is
relatively narrow and extends only over 20° in the scattering
plane. This is a direct consequence of the experimental
kinematics; the combination of masses associated to the
formation of a heavy product (HCCS vs H) and the relatively
small exothermicity of channel (1) give rise to a small Newton
circle (see Figure 1, lower panel) within which HCCS can be
scattered. The relatively sharp peak of the LAB angular
distribution in the proximity of the center-of-mass angle (GOcy
= 18°) suggests also that the fraction of total available energy
released into product translational energy is relatively small.
The recorded TOF spectra are also sharp and centered around
the CM velocity (see Figure 3).

The scattering measurements are carried out in the LAB
system of coordinates, while for the physical interpretation of
the scattering process it is necessary to transform the data
(angular, N(®), and velocity, N(O®,v) distributions) to a
coordinate system which moves with the center-of-mass (CM)
of the colliding system. Because of the finite resolution of
experimental conditions, that is, finite angular and velocity
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Figure 3. TOF distributions of the HCCS product (open circles) for

the reaction S('D) + C,H, at E. = 35.6 kJ mol ! at the indicated LAB

angles. Solid lines represent the TOF distributions calculated from the

best-fit CM functions reported in Figure 4.

— T
b2}
=
=
£
@©
=z
= L j
00 ! 1 1 | . | 1 | ! | )
0 30 60 90 120 150 180

CM Scattering Angle, 6 / degrees

— T
B 4
'c
= 4
£
© .
=
) j
o

15 30 45 60 75 90

Translational Energy, E'; / kJ mol!

Figure 4. Best-fit CM product (a) angular and (b) translational energy
distributions. The arrow in panel b indicates the total energy available
to the products.

spread of the reactant beams and angular resolution of the
detector, the LAB-CM transformation is not single-valued and,
therefore, analysis of the laboratory data is carried out by the
usual forward convolution procedure,!” that is, the product CM
angular, 7(0), and translational energy, P(E'r), distributions are
assumed, averaged, and transformed to the LAB frame for
comparison with the experimental data. The solid lines in
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Figures 1 and 3 represent the curves calculated with the best fit
functions depicted in Figure 4. The hatched areas in Figure 4
delimit the range of CM functions which still afford an
acceptable fit of the data, that is, they represent the error bars
of the present determination. The best CM angular distribution
(Figure 4a) exhibits a significant intensity in the whole angular
range, with a marked preference for the forward hemisphere
with a best-fit ratio 7(180°)/7(0°) of 0.43. This ratio can vary
by about £0.10 within the error bar. Such a shape is consistent
either with the competition of two reaction mechanisms (a direct
one generating forward scattering and an indirect one generating
a backward-forward symmetric angular distribution) or with the
formation of a bound intermediate with a lifetime 7 comparable
to its rotational period g (osculating model of chemical
reaction).>® If the latter is the case, from the difference of the
intensity at the two poles it is possible to give an estimate of
the complex lifetime®® by means of the equation T(180°)/T(0°)
= ¢ ™" where T(0°) and T(180°) are the values assumed by
T(6) at the two poles. With the observed asymmetry of the CM
angular distribution, the ratio 7/tr would be 0.6. A high degree
of product rotational excitation is expected, due the specific mass
combination of this reaction, on the basis of angular momentum
conservation arguments and is witnessed by the lack of
polarization of the CM angular distribution.

As far as the best-fit P(E't) is concerned (Figure 4b), we note
that the peak position is at about 7 kJ mol™, that is, quite close
to E't = 0, which indicates the absence of a potential energy
exit barrier. The fit of both angular and TOF distributions was
very sensitive to the rise and the peak position, while it was
less sensitive to the tail of the P(E'r), as clearly visible from
the shape of the hatched area. The average product translational
energy, defined as <E't>= Y P(E'r)E't/Y P(E't) is about 23 kJ
mol™! corresponding to a fraction, fr, of the total available
energy (Ei = E. — AH,) of 0.32 using the theoretical value of
AHy = — 36.0 kJ mol™! for reaction 1.

5. Computational Results

The lowest stationary points localized along the PES of S('D)
+ C,H, have been reported in Figure 5, where the main
geometrical parameters (Angstroms and degrees) are shown
together with the energies computed at the B3LYP/aug-cc-
pV(T+d)Z, CCSD(T)/ aug-cc-pV(T+d)Z and W1 levels, rela-
tive to that of thioketene (H,CCS 1) which is the most stable
isomer at all levels of calculation. The enthalpy changes and
barrier heights computed at 0 K with inclusion of the zero-
point energy correction for the main isomerization and dis-
sociation processes are reported in Table 1, while a schematic
representation of the potential energy surface of the system S('D)
+ C,H, is shown in Figure 6. For the sake of simplicity in Figure
6 we have reported only the relative energies computed at the
W1 level, while in Table 1 we have reported the values
computed at all levels of calculation for comparison purposes.
The total energies, the geometrical parameters, and the vibra-
tional frequencies of all the stationary points (minima and saddle
points) are provided as Supporting Information (Table S1). For
comparison purposes we report in Table 1 also the reaction
enthalpy for SCP) + C,H, — HCCS + H which was
investigated recently by Woon using very accurate methods.*
Our values are in very good agreement with the values computed
by Woon at a comparable level of calculation: 62.1 kJ mol ™
with respect to 61.3 kJ mol~! and 85.1 kJ mol~! with respect to
84.8 kJ mol™!, which is the best estimate of Woon. Many of
the stationary points that are of interest in this work have been
previously reported by Kaiser, Yamada, and Osamura in their
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TABLE 1: Enthalpy Changes and Barrier Heights (kJ mol™!, 0 K) Computed at the B3LYP/aug-cc-pV(T+d)Z, CCSD(T)/
aug-cc-pV(T+d)Z and W1 Levels of Theory for Selected Dissociation and Isomerization Processes for the System S('D) + C,H,

AH, barrier height

B3LYP CCSD(T) W1 B3LYP CCSD(T) W1
HC(S)CH — S('D) + C,H, 266.5 266.1 280.7
HC(S)CH — HC(S)C + H 350.6 355.2 365.0
HC(S)CH — H,CCS —153.2 —136.8 —133.6 125.9 149.8 156.7
HC(S)CH — C(S)CH, 56.5 47.5 54.7 202.0 197.9 205.4
HC(S)CH — CCHSH 81.0 79.5 86.0 149.8 145.8 151.3
C(S)CH, — H,CCS —209.7 —184.3 —188.3 67.1 81.5 81.8
H,CCS — HCCS + H 371.2 377.8 378.3
SCP) + C,H, — HCCS + H 62.1 85.1 74.5
H,CCS — CCS (‘A) + H, 445.2 433.0 441.6 4473 433.5 442 .4
H,CCS — CCS (*=7) + H, 361.5 376.1 384.1
H,CCS — CS + CH, (‘A) 525.0 491.8 507.2
H,CCS — CS + CH, (°B)) 479.3 452.6 468.6
H,CCS — HCCSH 73.3 60.6 58.4 251.9 248.5 248.3
CCHSH — HCCSH —160.9 —155.7 —161.2 34.6 37.5 40.2
CCHSH — CCH + SH 275.8 280.9 281.5
HCCSH — HCCS + H 297.9 317.2 319.9
HCCSH — CCSH + H 492 .4 508.0 518.3

study of the reaction C, + H,S.%* They optimized the
geometries at the B3LYP/6-311G(d,p) level and computed the
energies at the CCSD(T)/aug-cc-pVTZ level. The agreement
between our work and their results is good both at the B3LYP
and CCSD(T) levels, the differences being due to the larger
basis set used in this work. The reaction C, + H,S was recently
studied also by Wang et al.’! Also in this case the agreement
of our results with respect to their B3LYP optimized geometries
is good, while small differences are present with respect to their
MP2 and QCISD optimized geometries, as expected.

In the following paragraph we will discuss our results; for
simplicity we will refer only to the most accurate results, that
is, the W1 results. The B3LYP and CCSD(T) values however
are reported in Figure 5 and Table 1. As shown in Figure 6, the
interaction of S('D) with C,H, gives rise without any barrier to
the cyclic species HC(S)CH (3), which is more stable than the

AH?, (kJ mol)
84.3
S ('D) + C.H,
0.0
-75.3
S (P) + C,H T84
129.4 124.0
-110.5
TS, TS5
-226.0
2807 / \
/ \ c—CH2
HC—CH

(3)

reactants by 280.7 kJ mol~! at the W1 level. Species 3 can
isomerize to HyCCS (1), ¢-C(S)CH, (4), and CCHSH (5) with
barriers of 156.7, 205.4, 151.3 kJ mol ™!, respectively. However,
only the first isomerization leads to a more stable species.
Finally, the species HC(S)CH (3) can undergo a C—H bond
fission and produce the cyclic-C(S)CH isomer plus H. Once
formed, species 4 can isomerize to species 1 with a relatively
low barrier (81.8 kJ mol™!), while species 5 gives HCCSH (2)
with a barrier as low as 40.2 kJ mol~!. Species 2 can be formed
also from 1 but the barrier for this endothermic isomerization
is quite high (248.3 kJ mol™!). Species 2 can lose one H giving
rise to HCCS (+319.9 kJ mol™") or CCSH (+518.3 kJ mol™!).
H,CCS can dissociate into HCCS + H or into H, and CCS
('A). This last pathway is endothermic by 441.6 kJ mol™! at
the W1 level and shows also a very late transition state. The
geometry of this saddle point, reported in Figure 5, shows that

H+ CCSH
162.4
TS pr CCS ('A) + H,
28.1 273
HCCS + H
-36.0
-144.2
TS, -154.5
TS,5 -166.0
L\ GeHsH | \ Ts1 2
1947
-355.9
HCCSH
-414.3 2
H,CCS

M

Figure 6. Schematic representation of the S('D) + C,H, potential energy surface. For simplicity, only the W1 relative energies (kJ mol™') are

reported.
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the H, molecule is already formed and the interaction with CCS
is almost absent. As a result, the imaginary frequency of this
saddle is very small, only 23.1 cm™!, and the barrier height with
respect to the products is very low (0.8 kJ mol™!).

We have also explored the possibility that S('D) directly
inserts into one of the CH bonds of acetylene. Quite interest-
ingly, we could not locate a transition state for S('D) insertion,
so that direct insertion is also a barrierless process. However,
we have verified that the system evolves toward addition rather
than insertion for most of the possible attack geometries. Even
an approaching S—H—C angle of 174° leads the sulfur atom
toward the sr-orbitals of acetylene, while larger S—H—C angles
do not evolve into a reactive collision. In conclusion, S('D)
insertion does not appear to be a competitive reaction mecha-
nism in the presence of s-bonds, as already noted for other
reactions involving unsaturated hydrocarbons and insertive
species.>?

6. Discussion on the Reaction Mechanism

The reactive scattering results clearly indicate that a product
of general formula C,HS is formed through a S/H exchange
channel and that the reaction pathway leading to C,HS proceeds
through the formation of a bound intermediate of general
formula C,H,S. In the assumption that the forward scattering
preference is associated with the osculating complex mechanism,
the lifetime of the bound intermediate is comparable to its
rotational period. This is what one would expect from the
features of the singlet C,H,S PES derived in the present work
(Figure 6). As a matter of fact, there are two possible pathways
leading to the only exothermic H-displacement channel and both
of them are affected by the formation of bound intermediates.
In both cases, the first step is the electrophilic addition of S('D)
to the zt-system of acetylene, leading to a first addition cyclic
intermediate (thiirene). Once formed, thiirene can directly
rearrange by ring opening and H migration to H,CCS (thioketene,
the most stable isomer along the singlet C,H,S PES) through a
barrier of 156.7 kJ mol™!. Once formed, thioketene can
dissociate directly to HCCS + H or CCS('A) + H,. The latter
channel, barely accessible at the collision energy of the present
experiment, has not been observed. In the alternative pathway,
the PES minimum configuration of thioketene is never reached
and the succession of rearrangements after thiirene formation
is isomerization to CCHSH (through a barrier of 151.3 kJ mol ™)
followed by isomerization to HCCSH (through a barrier of 40.2
kJ mol™!), which in turn can undergo an S—H bond fission to
HCCS + H. There are no simple arguments to infer which of
the two pathways is the dominant one; the isomerization from
thiirene to thioketene is characterized by a larger isomerization
barrier, but in the second pathway it is necessary to undergo
two isomerizations before reaching the configuration of an
intermediate, HCCSH, which can dissociate into HCCS + H
products. RRKM estimates could help to elucidate which of
the two pathways is the dominant one. Preliminary estimates’
indicate that the rate constant associated to isomerization from
thiirene to thioketene, k;.,= 8 x 10° s™!, is smaller than the
one associated to the isomerization to CCHSH, k;—s = 2 x
10'% s~!. The conversion from CCHSH to HCCSH is also very
fast with ks—,= 7 x 10'° s7!. There is also a third pathway,
which proceeds through the rearrangement into c-C(S)CH,,
through the largest isomerization barrier from thiirene, +205.4
kJ mol™!, followed by an isomerization to H,CCS. This last
possibility appears to be less favored because of the large
isomerization barrier and the need of two rearrangement steps.
Because of the large isomerization barrier, according to
preliminary RRKM calculations k3, = 5 x 10% 7.
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As for the molecular hydrogen elimination channel, the lack
of C,S('A) observation is not surprising, because at the collision
energy of the present experiment, channel 4 has just become
open on energetic grounds, but the rise of the reactive excitation
function to appreciable values can be quite displaced from its
onset. The failure to observe the C,S (*X7) product implies that
ISC from the singlet to the triplet PES and the subsequent
reaction along it are not occurring to an appreciable extent under
the conditions of our experiment. Of course, we cannot rule
out that ISC occurs at all, especially because the presence of a
sulfur atom with a relatively large atomic weight may make
the spin conservation rule less rigid, as demonstrated in recent
studies of the reactions S('D)+H,’*and S+SH>’ and of the high
temperature pyrolysis of H,S.%® Since we did not observe C,S
(*T7) formation and we could not see any features of ISC to
the triplet PES for the H-displacement channel, we can conclude
that if ISC occurs, the most probable outcome is quenching to
SCP)+C,H,.

It is quite interesting to compare the reaction dynamics of
the title reaction, as derived from the present experimental and
theoretical results, to that of the related reaction Co(X '2*,) +
H,S recently investigated by Kaiser et al.!* The two reactions,
in fact, experience the same singlet C,H,S PES with the reactant
asymptote higher in energy by 196 kJ mol™! in the case of the
reaction C, + H,S. Kaiser et al.'* have identified HCCS+H as
the main reaction channel in their crossed beam experiment,
while an attempt to identify the H, elimination channel was
inconclusive because of the poor signal-to-noise ratio at m/z =
56. Nevertheless, a difference was noted in the fast part of the
m/z = 57 and 56 TOF spectra, which could be taken as an
indication that the H, elimination channel is open in the C,(X
'Z+g) + H,S reaction. In that case, there are three possible
exothermic H, elimination channels of which two are associated
to the formation of singlet SC, isomers (that is cyclic-SC,(*A )
and linear SC,('A)) and one to the ground state *=~ of SC,.
Since the CM functions could not be extracted from those
experimental results, it is unclear whether the H, elimination
channel proceeded through ISC to the triplet PES. The
HCCS+H channel, instead, was inferred to be produced from
a S—H bond fission of HSCCH or a C—H bond fission of
H,CCS, exactly as in the present study of the S('D) + C,H,
reaction. One important difference is that in the C,+H,S case
both HSCCH and H,CCS could only be formed after extensive
rearrangement of the initial addition intermediate H,SCC. Also,
the total available energy to the bound intermediates is much
higher, which is reflected in the much more pronounced forward
bias of the derived CM angular distribution pointing to much
shorter intermediate lifetimes. The P(E'r)s for the two systems
show some similarities in their shape (once scaled for the total
available energy of the two cases) which might suggest that
the two reactions experience the same exit channel PES features.

Finally, it is also quite interesting to compare the present
results with those of the related reactions involving the same
substrate acetylene and other atomic species. Probably the two
reactions most strongly related are those involving the electroni-
cally excited states of atomic nitrogen and carbon:

N(ZD)+C2H2 — products ®)
C('D)+C,H, — products 9)

both studied in crossed beam experiments.'$2%2!7 In both cases,
the first step of the reaction is the addition of the N(*D) and
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C('D) to the sr-system of acetylene with formation of the cyclic
intermediates c-HC(N)CH and c-C;H,, in all respects equivalent
to thiirene. Both c-HC(N)CH and ¢-C;H, addition intermediates
can dissociate directly to cyclic-HC(N)C + H and cyclic-CsH
+ H, since these reactive channels are energetically open in
those cases, in contrast to the title reaction, where the formation
of ¢-HC(S)C(PA") + H(®S) is strongly endothermic. In those
systems as well, the addition cyclic intermediates can isomerize
in one step (reaction 9) or two steps (reaction 8) to a species
equivalent to H,CCS, that is H,CCC and H,CCN in the two
cases. In the case of reaction 8, H;CCN is the global minimum
of the C;H,N PES, while in the case of reaction 9 ¢-Cs;H, is
actually the global minimum of the related PES. Finally, in both
cases as well as in the case of the title reaction, the formation
of another intermediate similar to HCCSH, that is, HCCNH and
HCCCH, is amenable. The situation of the C,H,N system is
the most similar to that of the title reaction as far as the relative
position of the intermediates along the minimum energy path
is concerned. Interestingly, in that case it was shown by RRKM
calculations that the reaction mainly proceeded through the
cyclic and HCCNH intermediates with the global minimum
configuration of H;CCN never experienced by the system.!®

7. The HCCS Electron Ionization Efficiency Curve

The capability of tuning the ionizing electron energy has also
permitted us to obtain information on the ionization energy of
the thioketenyl (HCCS) radical product, a quantity for which
to our knowledge no experimental data currently exist. There
is some interest in the HCCS(X *IT) radical, the smallest member
in the HC,, ;S series of molecules that are important intermedi-
ates in combustion! and interstellar chemistry.>? It has been
investigated extensively both experimentally and theoretically.
In particular, much work has focused on its electronic®® and
rotational spectroscopy.” These studies have provided spectro-
scopic constants, excitation energy and some of the vibrational
frequencies of the ground and first excited states. The
Renner—Teller effect in this linear radical has also been
investigated. % Ab initio electronic structure calculations at
the coupled-cluster level of theory have confirmed that ground-
state HCCS has a linear structure.® Very recently the HCCS
radical and its related cation, HCCS™, and anion, HCCS ™, have
been investigated at a high level of accuracy by Puzzarini.®! A
systematic study of their equilibrium structure and dipole
moment was carried out at the coupled-cluster level of theory
in conjunction with correlation consistent basis sets ranging in
size from quadruple to sextuple zeta. Extrapolation to the
complete basis set limit and additional corrections due to core-
valence correlation were also considered. The computed energies
were employed for evaluating the ionization potential and the
electron affinity. The linear HCCS™ species (X*Z~) has been
found to be the ground state, but the lowest singlet electronic
state (A'=") has also been investigated. From the computed
energies, the equilibrium adiabatic ionization energy IE of HCCS
[IE,q = E(HCCS™) — E(HCCS)] was given for both triplet and
singlet states of HCCS™. The zero-point corrected values are
9.114 and 9.958 eV, respectively. We have also computed the
ionization energy of HCCS. Our values for the adiabatic IE are
9.08 eV (10.14 eV) at B3LYP/aug-cc-pV(T+d)Z level, 9.08
eV (9.96 eV) at CCSD(T)/aug-cc-pV(T+d)Z level and 9.17 eV
(10.08 eV) at W1 level with inclusion of ZPE correction in all
calculations, for the triplet (singlet) state of HCCS™. The vertical
IEs are computed by us to be 9.15 eV both at B3LYP/aug-cc-
pV(T+d)Z level and at CCSD(T)/aug-cc-pV(T+d)Z level. The
adiabatic values compare very well with the extremely accurate
value recently computed by Puzzarini of 9.114 eV.%
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Figure 7. (a) Electron ionization efficiency as a function of electron
energy of the HCCS radical product (m/z = 57) from the S('D) + C,H,
reaction at E. = 35.6 kJ mol~!, measured at the CM angle, compared
in the enlargement (b) to those of allene (CsHy4, m/z = 40) and acetylene
(C,H,, m/z = 26) contained in a supersonic beam of the pure species.
The literature IE values of allene and acetylene are indicated. The
estimated ionization threshold of the “hot” HCCS reaction product is
8.9 = 0.3 eV (see text).

The experimental electron ionization efficiency curve (i.e.,
the ionization cross section as a function of electron energy)
of the HCCS product was measured by detecting the m/z = 57
signal intensity at the CM angle as a function of electron energy
from threshold up to 80 eV. The entire efficiency curve is shown
in Figure 7a, while Figure 7b depicts an expanded view (from
threshold up to 16 eV) of the efficiency curve of HCCS. Figure
7b also reports the efficiency curves for acetylene and allene,
both produced in supersonic beams of the pure species, where
they are expected to be vibrationally and also rotationally cold.
Since the IE for the two species are known, they are here used
to calibrate the absolute electron energy scale. After calibration,
the ionization threshold of HCCS was determined to be 8.9 £
0.3 eV from the simple straight-line extrapolation method, also
used to calibrate the energy scale. We note that this value, which
is a vertical ionization energy, is about 0.2 eV lower than the
calculated IE. However, it should be noted that the probed
HCCS radical is formed by the S('D) + C,H, reaction at a
collision energy of 35.6 k] mol™! and therefore contains a certain
amount of internal energy. From the experimentally determined
fraction of energy released as product translational energy, we
can derive the complementary value for the average ro-
vibrational energy content of HCCS, which is 46 kJ mol~! (0.48
eV). The question then arises whether, and eventually to what
extent, the internal excitation of the radical has an influence on
its observed ionization threshold. Interestingly in this regard,
recent work by Cool et al.®? based on measurements by tunable
VUV synchrotron radiation of photoionization efficiency curves
of a variety of hydrocarbon molecules and radicals produced
in flames, has found that the apparent ionization thresholds of
those species closely match their accepted ionization energies.
In the present case, there is not an experimentally accepted IE
value for HCCS; however, we do have accurate theoretical
results for it. It should be noted that while under our experi-
mental condition there is no relaxation of the internal degrees



4338 J. Phys. Chem. A, Vol. 113, No. 16, 2009

of freedom of the detected radical formed from the chemical
reaction, in the flame experiments significant vibrational relax-
ation can occur during the gas dynamic expansion of the
molecules sampled by the quartz cone from a region at 20—40
torr. Therefore, in our case the experimentally determined
ionization threshold may reasonably be expected to be somewhat
red shifted with respect to that of internally cold HCCS. Indeed,
ca. 0.5 eV of average internal energy of the HCCS radical seems
to determine a red shift of about 0.2 eV in the electron ionization
efficiency curve threshold with respect to accurate theoretical
values. Considering some uncertainty in our determination
(relative to acetylene and allene), this shift may be smaller than
0.2 eV, and therefore there appears to be an overall good
agreement between experiment and theory. In conclusion, the
theoretical IE of HCCS of 9.11 eV, with an accuracy of 0.05
eV,% can be considered reliably as the true IE of ground-state
HCCS.

8. Conclusion

The reaction dynamics of excited sulfur atoms, S('D), with
acetylene has been investigated by the crossed beam scattering
technique with mass spectrometric detection and TOF analysis
at the collision energy of 35.6 kJ mol~!. These studies have
been made possible by the development of intense continuous
supersonic beams of S(P,'D) atoms. From product angular and
TOF distributions, center-of-mass product angular and transla-
tional energy distributions have been derived. The S('D) + C,H,
reaction is found to lead to formation of HCCS (thioketenyl)
+ H, while the only other energetically allowed channels, those
leading to CCS(’Z™, 'A) + H,, are not observed to occur to an
appreciable extent. The HCCS product CM angular distribution
indicates that the reaction proceeds through the formation of
an osculating complex. The fraction of total available energy
released into product translation is 0.32, which is a result that
points to a considerable internal (ro-vibrational) excitation of
the HCCS radical product. The interpretation of the scattering
results and of the HCCS product ionization energy has benefitted
from synergic high-level ab initio electronic structure calcula-
tions of stationary points and product energetics for the singlet
C,H,S potential energy surface at the B3ALYP and CCSD(T)
levels of theory, with thermochemical calculations also per-
formed at the W1 level. From this combined experimental and
theoretical study we conclude that the S('D) + C,H, reaction
proceeds by addition of the excited sulfur atom to the triple
bond of acetylene forming a stable thiirene intermediate that
isomerizes either to the more stable singlet thioketene or in two
steps to HCCSH. Once formed, the intermediates H;CCS and
HCCSH dissociate to HCCS + H because of their high internal
energy content within a time comparable to their rotational
periods. Measurements of the electron ionization efficiency
curve, from 80 eV down to the ionization threshold, for the
m/z = 57 product have allowed us to obtain an estimate (8.9 £+
0.3 eV) of the ionization energy of the thioketenyl radical
produced by the chemical reaction. The adiabatic IE of HCCS
is computed to be 9.08 eV both at the B3LYP/aug-cc-pV(T+d)Z
and CCSD(T)/aug-cc-pV(T+d)Z levels and 9.17 eV at the W1
level with inclusion of ZPE correction in all calculations, while
the vertical IE is computed to be 9.15 eV both at the B3LYP/
aug-cc-pV(T+d)Z level and at the CCSD(T)/aug-cc-pV(T+d)Z
level. These theoretical results indicate that the observed
ionization energy of the internally, somewhat hot HCCS radical
product is red shifted by about 0.2 eV with respect to that of
ground-state HCCS.
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These studies offer considerable promise for further crossed
beam dynamical investigations of other sulfur atom reactions
of particular relevance to combustion and atmospheric chemistry.
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