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Combined crossed molecular beams and ab initio investigation of
the formation of carbon-bearing molecules in the interstellar

medium via neutral–neutral reactions
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The crossed molecular beams reaction of atomic carbon with hydro-C(3Pj)gen sulÐde, allene, the vinyl radical, and deutero-H2S, H2CCCH2 , C2H3 ,
acetylene, have been studied at di†erent collision energies up to 42.2C2HD,
kJ mol~1 and combined with high level ab initio calculations. All reactions
are barrier-less and are dominated by a carbonÈhydrogen exchange to form
thioformyl (HCS), butatrienyl isomer(s), and deuteriated(HCCCCH2), C3H2tricarbon hydride(s). This carbonÈhydrogen replacement channel represents
a one-step alternative reaction pathway to competing ionÈmolecule reac-
tions to form complex, carbon-bearing molecules in the interstellar medium
as well as in the outÑow of carbon stars.

1 Introduction
One of the most fundamental questions in astrochemistry is the formation of molecules
in the interstellar medium (ISM). To tackle this still unresolved puzzle, we have Ðrst to
familiarize ourselves with the physical conditions and the distribution of matter in dis-
tinct interstellar environments before we can elucidate well deÐned mechanisms to syn-
thesize interstellar molecules and radicals.

The ISM contains ca. 10% of the mass of our galaxy and consists of gas (99%) and
0.1È0.2 lm, ellipsoidal-shaped grain particles (1%) with averaged number densities of 1
H atom cm~3 and 10~11 grains cm~3, respectively.1 Its chemical composition is domi-
nated by hydrogen and helium (93.38% H, 6.49% He), whereas biogenic elements
oxygen, carbon, and nitrogen contribute 0.11% (O : C : NB 8 : 3 : 1).2 All remaining ele-
ments furnish only 0.02%. Although the interstellar dust component embodies only 1%,
these predominantly silicate- and carbonaceous-based grain nuclei play a key role in the
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184 Formation of carbon-bearing molecules in the ISM

formation of new molecules. Deep in the interior of dense clouds, grain particles e†ec-
tively shield newly synthesized molecules in the gas phase from the destructive external
galactic UV radiation Ðeld. In addition, these grains hold typical temperatures of 10 K
in dark clouds.3 Molecules, radicals and atoms from the gas phase are accreted on grain
surfaces resulting in an icy mantle up to 0.1 lm thick. Here, solid mixtures containing

CO, OCS, OCN~, and have beenH2O, CH3OH, NH3 , H2S, CH4 , H2CO, H2 , CO2identiÐed unambiguously via IR spectroscopy.4 This ice mantle is altered chemically by
the cosmic-ray-induced internal UV radiation present even in the deep interior of dense
clouds5 and through charged particles such as protons (p, H`) and helium nuclei (a-
particles, He2`)6 of the galactic cosmic radiation Ðeld. This combined photon and parti-
cle bombardment leads to the synthesis of new molecules in the solid state.7 Since
typical carbonÈhydrogen and carbonÈcarbon bond strengths in organic molecules range
between 3 and 10 eV, cosmic ray particles are too energetic to form stable chemical
bonds as implanted into the icy mantle. However, upon interaction with the solid target,
each cosmic ray particle releases its excess energy to the target atoms in successive
collisions via elastic and inelastic interactions.8 Here, the elastic process transfers energy
to the nuclei of the target atoms igniting primary knock-on particles (PKOs; Ðrst gener-
ation of knock-on particles) if this amount is larger than the binding energy of the atom.
MeV a-particles, for example, generate carbon PKOs with kinetic energies up to 10 keV.
These knock-on particles can transfer their energy in consecutive encounters to the
target atoms, resulting in a collision cascade of secondary, tertiary etc., knock-on atoms.
Moderated to ca. 1È10 eV, the so-called chemical energy range, these atoms are not in
thermal equilibrium with the 10 K target (hence : non-equilibrium or suprathermal
particles) and react with the target molecules via elementary steps of bond insertion,
addition to double or triple bonds, and hydrogen abstraction.9 Irradiating solid CH4 ,

and samples with MeV particles leads to a broad product spectrum ofC2H2 , C2H4synthesized species such as atomic and molecular hydrogen, H and (n \ 1È4),H2 , CH
n(n \ 1È6), (n \ 4È8), larger alkanes and alkenes with up to 18 carbon atoms,C2Hn

C3Hnas well as polycyclic aromatic hydrocarbons (PAHs) up to coronene.10 The power of
these suprathermal reactions to form new molecules at temperatures even as low as 10
K is based in their ability to overcome reaction barriers in the entrance channel easily,
since suprathermal species can impart their excess kinetic energy into the transition state
of the reaction. Even endothermic reactions are feasible if the energy deÐcit can be
covered by a suprathermal reactant, extending the synthetic power of this reaction class
beyond thermal reactions and di†usion controlled chemistry on interstellar grains. These
unique aspects of suprathermal reactions result in reaction rate constants up to 16
orders of magnitude larger than their thermal counterparts, even at temperatures as low
as 10 K.11 Once molecules are formed on interstellar grains, a consecutive grain heating
by a young stellar object embedded inside dense clouds, followed by equilibrium subli-
mation, as well as explosive molecule ejections from grains storing a critical concentra-
tion of radicals, can redistribute these molecules into the gas phase.12

Besides the solid state, molecules can also be synthesized in the gas phase of the
ISM. Table 1 lists those species detected so far, most of them thermally unstable and
extremely reactive in terrestrial laboratories.13 On average, 97% of all species exist as
neutrals, whereas only 3% are ions. These molecules, radicals and ions are not distrib-
uted homogeneously, but are conÐned to distinct interstellar environments such as inter-
stellar clouds, hot cores, and circumstellar envelopes of, e.g. dying carbon and oxygen
stars.1,2 Di†use (hot) clouds hold number densities n of ca. 10 molecules cm~3 and
average translational temperatures T B 100 K, whereas dense (cold, dark, molecular)
clouds are characterized by n \ 102È106 molecules cm~3 and T \ 10È40 K. Hot cores
of molecular clouds have typical number densities up to 107 molecules cm~3 and tem-
peratures reaching up to 200 K. Molecules in the outÑow of carbon stars contribute
only a minor amount to the interstellar matter, but temperatures can rise up to 4000 K
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Table 1 ClassiÐcation of neutral molecules, radicals, and ions detected in the ISM “ ? Ï indicates an
uncertain assignment ; bold typed species are only detected in circumstellar environments

diatomic molecules
H2

1st atom group 4 group 5

2nd atom group 4 group 5 group 6 group 4 group 5 group 6

1st period CC CN CO NC NO
2nd period CSi CP CS NSi NP NS

1st period SiC SiN SiO PC PN
2nd Period SiS

1st atom group 6

2nd atom group 4 group 5 group 6

1st period OC ON OS
2nd period OSi

1st period SC SN SO
2nd Period SSi

halides and pseudohalides

HCl NaCl KCl NaCN
MgCN MgNC

AlF AlCl

hydrides

CH4 NH3 H2O CH NH OH
SiH

4
H2S CH2 NH2

SiH2( ?)

closed-shell hydroarbons

CH4 C
2
H

4
C2H2 CH3CyCH CH3CyCwCyCH

ring molecules

C2H4O SiC
2

C3H C3H2
long-chain molecules

CH3w(CyC)
n
wH n \ 1, 2

HC
n

n \ 0È8
C

n
n \ 2, 3, 5

Hw(CyC)
n
wCN n \ 0È4

w(CyC)
n
wCN n \ 0, 1

CH3w(CyC)
n
wCN n \ 0, 1, 2

H2Cn
n \ 3, 4

C
n
O n \ 1, 2, 3, 5( ?)

C
n
S n \ 1, 2, 3, 5

C
n
Si n \ 4

HCCNC
HNCCC
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Table 1 Continued

structural isomers

c-C3H2 l-C3H2c-C3H l-C3HHCN HNC
CH3CN CH3NC
MgCN MgNC
HCO HOC

HCCCN HCCNC
HCO` HOC`

oxygen- and carbon-containing neutral molecules

CH3wOH H2CxO HCOOH
C2H5wOH CH3wCHO CH3wCOOH

HCOOCH3
H2CxCxO HCCwCHO CH3wCOwCH3 CH3wOwCH3CO CO2 HOC HOC C2O C3O C5O(?)

sulfur- and carbon-containing neutral molecules

CH3wSH H2CxS CS

nitrogen- and carbon-containing neutral molecules

HCN CHwCN
CH2wCN
CH3CN C2H3wCN C2H5wCN H2NwCN

CH3wNH2 H2CxNH
H2CxN

other neutral molecules

SO2 OCS N2O HNO
HCOwNH2 HNxCxO HNxCxS

H2NwCH2wCOOH

ions

CH` CO` CS` SO`
HCO` HCS` HNN` HOC` H3`HCNH` HOCO` CH2D` H3O`

H2COH`HC3NH`
C60`( ?)

in the outer photosphere14 and a more complex chemistry is anticipated. Comparing
this data with that from terrestrial laboratories, it is worth mentioning that number
densities even in the “densest Ï interstellar clouds of 106 molecules cm~3 and T \ 40 K
are equivalent to 5] 10~12 mbar, which compares to the best ultra-high vacuum
(UHV) condition in terrestrial laboratories.

However, despite large fractional abundances of, e.g. and up to 10~8C3H C3H2 ,
relative to atomic hydrogen, well deÐned synthetic mechanisms, even of these abundant
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species, have not yet been fully resolved. Since the kinetic energy of interstellar species is
conÐned to typically 0.8 kJ mol~1 (di†use clouds) and 0.08 kJ mol~1 (dark, molecular
clouds) on average, gas-phase reactions under thermodynamical equilibrium conditions
(a) must be exothermic or only slightly endothermic, (b) should exhibit little or no
entrance barriers and (c) must involve only two-body collisions. A three-body reaction
occurs only once in a few 109 years and can be neglected since mean interstellar cloud
lifetimes are ca. 106 years. Early chemical equilibrium models of interstellar chemistry
satisfy these criteria and focus on ionÈmolecule reactions, radiative associations, and
dissociative recombination between cations and electrons to advance interstellar chem-
istry.15 This approach, however, involves multiple reaction chains with subsequent colli-
sions, and often cannot reproduce observed structural isomer ratios, isotopic
enrichments, and number densities of extremely abundant radicals, e.g. those of C3Hand The inclusion of alternative, one-step, exothermic neutralÈneutral reactionsC3H2 .
into chemical models of the circumstellar envelope surrounding the carbon star
IRC]10216 and the dark cloud TMC-1 occurred only gradually,16 predominantly
because entrance barriers were assumed to hinder this reaction class. However, the ad
hoc postulation of spin conservation, simple thermochemistry, and the lack of informa-
tion on reaction products, clearly demonstrate the urgency of systematic laboratory
examinations probing detailed chemical dynamics and reaction products of neutralÈ
neutral encounters in the gas phase of the ISM.

Recently, Husain and co-workers investigated rate constants of with unsatu-C(3Pj)rated hydrocarbons monitoring the decay kinetics of at room temperature.17C(3Pj)These bulk experiments indicated that the reactions proceed with second-order kinetics,
are barrier-less, and rapid (k \ 10~10È10~9 cm3 s~1) within orbiting limits.18 Likewise,
kinetic studies of neutralÈneutral reactions involving OH, CN, and CH radicals at ultra-
low temperatures revealed rate constants of ca. (1È6 ] 10~10 cm3 s~1 with maxima
between 50 and 70 K, and only a slight decrease as the temperature falls to 13 K.19
However, despite extremely valuable kinetic data, it was not possible to probe the reac-
tion products experimentally. These limitations clearly indicate the urgency for system-
atic laboratory studies to identify the reaction products of neutralÈneutral encounters
relevant to interstellar gas-phase chemistry.

What experimental technique is suitable to investigate these gas-phase reactions?
First, experiments must be performed under single-collision conditions. This means that,
in a binary reaction A] BC] [ABC]*] AB] C, one species A reacts only with one
species BC without collisional stabilization or successive reaction of the initially formed
[ABC]* complex (exclusion of three-body reactions). This requirement guarantees that
the nascent reaction product undergoes no secondary reaction. Secondly, highly
unstable and reactive radicals, often with unknown spectroscopic properties, have to be
probed. Hence, the majority of interesting interstellar radicals such as long-chain carbon
chains, cummulenes, and sulfur-containing species cannot be sampled via optical detec-
tion schemes such as laser-induced Ñuorescence (LIF) and resonance-enhanced multi-
photon ionization (REMPI), and a “universal Ï detector is crucial. Finally, we have to
take into consideration that a great variety of structural isomers can contribute to the
reaction product (for example, the simple formula has 25 local minima). Here, theC4H5knowledge of detailed chemical dynamics of a reaction can be employed to elucidate the
product isomer(s).

In our experiments, all these requirements are fulÐlled using the crossed molecular
beams technique with a universal mass spectrometric detector,20 cf. Section 2 for a
detailed description. This set-up represents a versatile tool to (a) study reaction products
under single-collision conditions without three-body reactions ; (b) investigate the chemi-
cal dynamics of neutralÈneutral reactions and (c) identify distinct structural isomers rele-
vant to interstellar chemistry under well deÐned collision energies. To allow for an
explicit assignment of reaction mechanisms and products, it is often crucial to combine
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crossed molecular beams experiments with high level ab initio calculations for structure
and energetics of possible intermediate collision complexes as well as reaction energies.21
Recently, we initiated these experiments in our laboratory, elucidating the chemical
dynamics and reaction products of exothermic atomÈmolecule and atomÈradical reac-
tions of with acetylene, ethylene, methylacetylene, pro-C(3Pj) C2H2 , C2H4 , CH3CCH,
pylene, and the propargyl radical, These investigations providedC3H6 , C3H3 .
collision-energy dependent (8.8È45.0 kJ mol~1), doubly di†erential cross-sections to
interstellar linear/cyclic tricarbon hydride22 [l/c- reaction (1)], and toC3H (2%1@2/2B2),hitherto unobserved interstellar propargyl23 reaction (2)], butatrienyl24[C3H3(2B2),[n- reaction (3)], methylpropargyl reaction (4)] andC4H3(2A@), [C4H5(2B2/2AA),
diacetylene26 reaction (5)] :[C4H2(1&g`),

C(3Pj)] C2H2(1&g`) ] l-C3H(2%1@2) ] H(2S1@2), (1)

] c-C3H(2B2) ] H(2S1@2),
C(3Pj)] C2H4(1Ag) ] C3H3(2B2) ] H(2S1@2), (2)

C(3Pj)] CH3CCH(1A1) ] n-C4H3(2A@) ] H(2S1@2), (3)

C(3Pj)] C3H6(1A@) ] C4H5(2B2/2AA) ] H(2S1@2), (4)

C(3Pj)] C3H3(2B2) ] C4H2(1&g`) ] H(2S1@2) (5)

The identiÐcation of this carbonÈhydrogen exchange under single-collision condi-
tions demonstrated the importance of a one-step pathway to form free hydrocarbon
radicals and closed-shell hydrocarbons through entrance-barrier-free reactions in inter-
stellar environments. Further, the cyclic and linear isomers have both been identi-C3HÐed around the dark molecular cloud TMC-1 and the carbon star IRC]10216. In dark
clouds, typical ratios of the cyclic versus the linear isomer are near unity, but decrease to
0.2^ 0.1 around the carbon star. In particular, the circumstellar shell of IRC]10216
contains a as well as a reservoir,27 and formation of via neutralÈC2H2 C(3Pj) C3Hneutral reaction very likely takes place. A common acetylene precursor to interstellar

radicals via atomÈneutral reaction with can explain these astronomicallyc/l-C3H C(3Pj)observed isomer ratios.28
The present paper extends these crossed molecular beams investigations and presents

results on the reactions of atomic carbon with hydrogen sulÐde allene(H2S),
vinyl radical and deuteroacetylene, Supplementary ab initio(H2CCCH2), (C2H3), C2HD.

calculations were performed. Here, the reaction of carbon atoms with the closed-shell,
sulfur-containing molecule, hydrogen sulÐde, is the simplest organosulfur reaction to
form carbonÈsulfur-containing molecules and radicals in the interstellar medium. The
second experiment investigates the chemical dynamics and products of the reaction of
ground-state atomic carbon with allene and compares these Ðndings with reaction (3)
studied recently in our laboratory. These studies allow an explicit identiÐcation of the
product isomer and outline the necessity to include distinct reactant as well as product
isomers in chemical reaction networks modelling the chemistry in interstellar environ-
ments. Further, we investigated the reaction of atomic carbon with the vinyl radical to
study the formation of interstellar isomers via reactive intermediates.C3H2 C3H3Finally, the reaction of with is closely related to reaction (1) and allows usC(3Pj) C2HD
to investigate the deuterium isotope e†ect on the formation of interstellar l/c-C3D.

2 Experimental
The reactive scattering experiments are carried out in a universal crossed molecular
beam apparatus described in detail in ref. 29. Fig. 1 shows a schematic top view of the
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Fig. 1 Schematic top view of the crossed molecular beams set-up

set-up. The 35A crossed molecular beams machine consists of two source chambers (10~4
mbar), a stainless-steel scattering chamber (10~7 mbar), and a rotatable, di†erentially
pumped quadrupole mass spectrometric detector (10~11 mbar). The supersonic carbon
beam is generated in the primary source via laser ablation of graphite.30 Here, the 30
Hz, 30È65 mJ, 266 nm output of a Spectra Physics GCR-270-30 Nd : YAG laser is
focused on a rotating carbon rod. Ablated carbon atoms in their electronic ground3Pjstate are seeded into neon or helium gas released by a ProchÈTrickl pulsed valve.31 A
four-slot chopper wheel is mounted 40 mm after the ablation zone to select a 9.0 ls
segment of the seeded carbon beam. This segment crosses a second, pulsed reactant
beam under a well deÐned collision energy at 90¡ under single collision conditions in the
interaction region of the scattering chamber. Neat and seeded mixtures of H2S,

and are held at 1 atm backing pressure. was generated by 193H2CCCH2 , C2HD C2H3nm photolyses of 10% precursor seeded in helium carrier gas.C2H3Br
Reactively scattered species are monitored using a di†erentially pumped quadrupole

mass spectrometer, rotatable in the plane of the beams with respect to the interaction
region. Di†erentially pumped regions I and II reduce the gas load from the main
chamber, whereas region III contains the Brink-type electron impact ionizer,32 sur-
rounded by a liquid-nitrogen cold shield, the quadrupole mass Ðlter, and the Daly-type
scintillation particle detector.33 Despite this di†erential pumping set-up, molecules
desorbed from wall surfaces lying on a straight line with the electron impact ionizer
(straight-through-molecules) cannot be avoided, since the mean free path of these species
is of the order of 103 m compared to maximum detector dimensions of ca. 1 m. To
reduce these straight-through-molecules, a copper plate is attached to a two-stage closed
cycle helium refrigerator and cooled to ca. 10 K. Since the copper shield is located
between the two skimmers and the scattering region, the ionizer “views Ï a cooled surface
from which only and He desorb at 10 K.H2The velocity distribution of the products is determined recording the time-of-Ñight
(TOF) spectra at di†erent laboratory angles H between [25¡ and 75¡ with respect to
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the carbon beam. In this TOF mode, the mass spectrometric controller is set at a con-
stant mass to charge ratio (m/z) and records the time-dependent number density of reac-
tively scattered species at this m/z value at a constant laboratory angle H, I(H, t). If we
integrate the TOF spectra at di†erent laboratory angles, we obtain the intensity dis-
tribution in the laboratory reference frame (LAB).

3 Data analysis
In the previous section we described the crossed molecular beams set-up. Now, we
present our method of analysis of the laboratory data. For the physical interpretation of
the reactive scattering data, it is necessary to transform the laboratory data into the
center-of-mass (CM) system, cf Fig. 2. An observer in the laboratory frame notices that
the CM moves with velocity However, if this observer dwells at the CM, the CM¿(CM).
is at rest. Fig. 2 shows the relation between both reference frames. In the experiment, a
beam of species A with a laboratory velocity crosses a beam of species BC with a¿(A)
laboratory velocity at 90¡ giving the relative velocity of A with respect to BC¿(BC)

g \ ¿(A)[ ¿(BC) (I)

In the laboratory system, the CM frame moves with velocity calculated with the¿(CM)
masses of the reactants m(A) and m(BC)

¿(CM)\ m(A)¿(A)] m(BC)¿(BC)]/[m(A)] m(BC)] (II)

The CM velocity vector divides g into two parts, the velocity of A and BC in the CM
frame, u(A) and u(BC), respectively. The magnitude of these vectors is inversly pro-
portional to the mass ratio of the reactants. To convert the laboratory data to the CM
system, we use a forward-convolution routine to Ðt the TOF spectra I(H, t) at di†erent
laboratory angles H and the product angular distribution in the laboratory frame
(LAB).34,35 This procedure initially guesses the angular Ñux distribution T (h) and the
translational energy Ñux distribution in the CM frame. Here, h deÐnes the scat-P(ET)tering angle in the CM system measured from the A beam and the CM translationalETenergy. Then, TOF spectra and LAB distribution were calculated from these T (h) and

accounting for the velocity and angular spread of both beams, the detector accep-P(ET)tance angle, and the ionizer length. Both T (h) and are reÐned iteratively until aP(ET)reasonable Ðt of the experimental data is achieved.

Fig. 2 Relation between the LAB and CM reference frames
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In detail, four transformation steps are necessary. First, we transform the I(H, t) time
domain to the velocity domain recalling that

I(H, t) dt \ I(H, v) dv (III)

and

dv
dt

\ [ v2
L

(IV)

with the velocity v and ionizer length L . Putting eqn. (IV) into (III) gives

I(H, t) \ [I(H, v)v2/L (V)

Secondly, the detector analyses number density, whereas T (h) and represent ÑuxP(ET)distributions. Hence, we have to transform a number density distribution (molecules
cm~3) to a Ñux distribution (molecules cm~1 s~1). Here, the product of I(H, v)v is
nothing else but a Ñux distribution in the laboratory frame deÐned as p(H, v), yielding :

I(H, t) \ [p(H, v)v/L (VI)

Thirdly, we have to transform p(H, v) to the CM Ñux distribution p(h, u) with the veloc-
ity u of the product. The v2/u2-transformation Jacobian can be derived by considering
the cross-section proportional Ñux per unit time in a solid angle to be constant in the
laboratory and CM frames :

p(H, v) *X\ p(h, u) *u (VII)

where *X is the solid angle sustained by the detector aperture *A in the laboratory, and
the solid angle *u in the CM frame. Recalling the deÐnition of a solid angle, i.e.
dX\ dA/r2 with the deÐning aperture of area dA at a distance r from the interaction
region and *X\ *A/(vt)2 and *u\ *A/(ut)2, we put these equations into eqn. (VII) to
obtain the transformation Jacobian. Now, we can modify eqn. (VI) to

I(H, t) \ [ p(h, u)v3/L /u2 (VIII)

The fourth step transforms the velocity distribution to the translational energy distribu-
tion using energy and momentum conservation, with and thek6 \mAB(mAB/mAB/mC] 1)
masses of the products AB and C, to give

p(h, u) \ p(h, ET)k6 u (IX)

yielding

I(H, t) \ [ p(h, ET)k6 v3/L /u (X)

Here, p(h, is the double di†erential cross-section in the CM reference frame. p(h,ET) ET)is proportional to T(h) and henceP(ET),
p(h, ET) \ C] T (h)P(ET) (XI)

with a constant, C. Since T (h) and are normalized, C is obtained by integratingP(ET)p(h, over h, r (the angle around the relative velocity vector g), andET) ET :

p(E)\
P
0

= P
0

2n P
0

n
P(ET)T (h)sin h dh dr dET\ C (XII)

This identiÐes the constant C as the integrated reaction cross-section of the bimolecular
reaction A] BC] AB] C at a collision energy E. Hence, the Ðnal relation between the
TOF spectra at a laboratory angle H, I(H, t), and the iteratively reÐned CM Ñux dis-
tributions T (h) and with the constant C is given byP(ET)

I(H, t) \ C T (h)P(ET)v3/u (XIII)
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4 Results and Discussion

4.1 C(3P
j
) + H

2
S

The crossed beams experiments were performed at two di†erent collision energies of 16.7
and 42.4 kJ mol~1. Fig. 3 and 4 show the laboratory angular distributions as well as
TOF spectra of the reactive scattering signal at m/z\ 45 (HCS/HSC) at a selected colli-
sion energy of 42.4 kJ mol~1. TOF spectra at m/z\ 44 show the identical shapes as
m/z\ 45, indicating that HCS` fragments partly to CS` in the electron impact ionizer
and that no CS is formed in our experiments. Further, no radiative association to any

isomer was observed at m/z\ 46.H2CS

Fig. 3 Top: HCS product laboratory angular distribution of the reaction at aC(3Pj)] H2S(1A1)collision energy 42.4 kJ mol~1. Filled circles and 1p error bars indicate experimental data, the
solid lines the calculated distribution, and C.M. the CM angle. Bottom: Corresponding velocity
vector diagram. and indicate the velocities of the carbon and hydrogen sulÐde beam in thevC vH2SLAB frame. The inner circle stands for the maximum CM recoil velocity of the HSC isomer, the
outer circle for the HCS in the CM frame, assuming all available energy channels into trans-
lational energy of the products. The solid lines point to distinct laboratory angles whose TOFs are

shown in Fig. 4.
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Fig. 4 Normalized TOF data of HCS at m/z\ 45 at a collision energy of 42.4 kJ mol~1.
Experimental data, (ÈÈ) the Ðt.(L)

Now we investigate the chemical dynamics of the reaction to unravel the interme-
diate complex(es) as well as product HCS isomer(s). The experimentally foundH2CS
high-energy cut-o†s of 208 and 232 kJ mol~1 agree very well with the sum of recent ab
initio reaction energy for the HCS isomer36 and the relative collision energies, i.e. 201
and 226 kJ mol~1. The less stable HSC isomer is expected to show cut-o†s at 35.0 and
60.7 kJ mol~1 and, hence, can be excluded as a major contribution to our reactive
scattering signal. The shape of the CM angular distributions (Fig. 5) depends strongly
on the collision energy As is increased, T (h) changes from an isotropic, forwardÈEc . Ecbackward symmetric to a more forward scattered distribution. This Ðnding suggests
only one reaction channel following indirect reactive scattering dynamics through a
complex formation. At lower collision energy, the fragmenting isomer has a life-H2CS
time longer than its rotational period, but as the collision energy rises to 42.4 kJ
mol~1 37 the lifetime of the complex is reduced to less than one rotational period.

The identiÐcation of the HCS product clearly excludes decomposing singlet or triplet
1/2, cf. Fig. 6, since an SwH bond rupture would yield solely the HSC isomer.H2SC

Further, the experimentally found T (h) shows a forward peaking with respect to the
carbon beam higher collision energy. This requires that the incorporated carbon atom
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Fig. 5 CM angular Ñux distributions (bottom) and translational energy Ñux distributions (top) for
the reaction at peak collision energies of 16.7 (ÈÈ) and 42.4 kJ mol~1 (È È È)C(3Pj) ] H2S(X1A1)

and the leaving H atom must be located on opposite sites of the rotational axes. Based
on the calculated ab initio geometries of triplet and singlet 6/7, no rotation axisH2CS
fulÐlls this requirement. Hence, thioformaldehyde can also be excluded as the decompo-
sing complex. Based on these conclusions, thiohydroxycarbenes 3, 4, and 5 are the only
remaining intermediates. Each of these complexes can rotate around the B/C axis to
account for the forward peaked CM angular distribution, yielding HCS and H in the
Ðnal bond rupture. The dynamics leading to the thiohydroxycarbene itself are governed
by an addition of to to form triplet 2,2-dihydrothiocarbonyl 2. A directC(3Pj) H2Sinsertion into the SwH bond of to yield triplet thiohydroxycarbene, 3 can likely beH2Sruled out considering the symmetry-forbidden nature. Therefore, one expects a signiÐ-
cant entrance barrier, much larger than our lowest collision energy. Owing to the heavy
sulfur atom and the narrow singletÈtriplet gap of 1 and 2 intersystem crossing (ISC) to 1
might occur followed by an H migration to 4/5. Alternatively, 2 could undergo H migra-
tion to 3 and subsequent ISC to 4/5.

4.2 C(3P
j
) + H

2
CCCH

2
The reactive scattering experiments were performed at two collision energies of 19.6 and
39.3 kJ mol~1. In strong analogy to reactions (1)È(5), the carbonÈhydrogen exchange
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Fig. 6 Schematic energy level diagram of the reaction and ab initio structuresC(3Pj) ] H2S(X1A1)of calculated and HCS isomersH2CS

channel also dominates the product distributions, cf. Fig. 7 and 8. The reactive scat-
tering signal is only observed at m/z\ 51, i.e. TOF spectra were recorded atC4H3 .
lower m/z values, 50È48, but show identical patterns. This Ðnding indicates that the
signal at these m/z ratios originates from cracking of the parent in the ionizer. In addi-
tion, no radiative associations to (m/z\ 52) could be detected. This result demon-C4H4strates that no internally excited collision complex survives under single-collisionC4H4conditions in our experiments as well as in the ISM.

Best Ðts of TOF spectra and LAB distributions are achieved with extendingP(ET)sto maximum translational energies of kJ mol~1 and 240 kJ mol~1 at ourEmax \ 215
lower and higher collision energy, respectively (Fig. 9). This high-energy cut-o† can be
employed to identify the product isomers if their energetics are well separated. Within
the error limits, data are consistent with the formation of at both collisionn-C4H3energies, since the high-energy cut-o†s are expected at 213.6 kJ mol~1 at lower and
233.3 kJ mol~1 at higher collision energy.

At lower collision energy, the T (h) is symmetric around n/2. As the collision energy
rises, the T (h) shape changes to a more forward scattered distribution, i.e. increasing
intensity at 0¡. In strong analogy to the reaction of with these ÐndingsC(3Pj) H2S,
suggest a reduced lifetime of the decomposing complex as the collision energyC4H4rises. Complex formation takes place, but the well-depth along the reaction coordinate is
too shallow to allow multiple rotations, and the complex decomposes with a random
lifetime distribution before one full rotation elapses.

We now investigate the chemical dynamics of the reaction. The identiÐcation of the
isomer strongly suggests that attacks the p-bond in allene to form an-C4H3 C(3Pj)substituted triplet cyclopropylidene intermediate 1, cf. Fig. 10, rotating in the molecular

plane which contains the four carbon atoms. 1 undergoes a subsequent ring opening to
triplet butatrienylidene 2 followed by a CwH bond rupture to yield atomic hydrogen
and or a hydrogen shift to methylpropargylene 3 prior to decomposition of 3 ton-C4H3 To distinguish between these two possibilities, we re-ran the crossedn-C4H3 ] H.
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Fig. 7 Top: product LAB angular distribution of the reaction at aC4H3 C(3Pj) ] H2CCCH2collision energy 39.3 kJ mol~1. Filled circles and 1p error bars indicate experimental data, the
solid lines the calculated distribution, and C.M. the CM angle. Bottom: Corresponding velocity
vector diagram. and indicate the velocities of the carbon and allene beam in the LAB¿C ¿C3H4frame. The circle stands for the maximum CM recoil velocity of the isomer, assuming alln-C4H3available energy channels into translational energy of the products. The solid lines point to dis-

tinct laboratory angles whose TOFs are shown in Fig. 8.

molecular beams experiments of with methylacetylene at the same collision ener-C(3Pj)gies as those obtained with allene. Our data show that, at all angles, the ratio of the
intensity of the integrated TOFs at m/z\ 51, 50, and 49 is identical at the higher
collision energy for both and methylacetylene reactions, i.e. 0.3 (m/z\C(3Pj) ] allene
51) : 1.0 (m/z\ 50) : 0.5 (m/z\ 49). Both LAB distributions are also identical. These
data strongly indicate that, at higher collision energy, the decomposing complexC4H4and the reaction intermediate are the same in both reactions. Since triplet methyl-
propargylene was assigned as the decomposing complex in reaction (2), we conclude that
the chemical dynamics of allene reacting with are initiated by an attack to theC(3Pj)alkenic p-bond to form a triplet cyclopropylidene derivative, followed by a ring opening
to 2, a H atom migration to 3 and Ðnal CwH bond rupture to the isomer.n-C4H3However, at lower collision energy, ratios of m/z\ 51 to 50 to 49 of both the methyl-
acetylene and allene reaction with atomic carbon do not match. Hence, we must con-
clude that their chemical dynamics are di†erent. We pointed out earlier, that a second
isomer might contribute to the reactive scattering signal of the reaction atC/CH3CCH
m/z\ 51.24 A detailed analysis shows that a second, cyclic isomer 4, 5 or 6 isC4H3formed as well as at lower collision energy n-C4H3 .38
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Fig. 8 Normalized TOF data of at m/z\ 51 at a collision energy of 39.3 kJ mol~1.C4H3Experimental data, (ÈÈ) the Ðt.(L)

4.3 C(3P
j
) + C

2
H

3
A reactive scattering signal was only observed at m/z\ 38, i.e. Owing to theC3H2 .
limited signal-to-noise ratio and the necessary background subtraction procedure, we
can present only one TOF recorded at the CM angle of 53¡, Fig. 11. One must keep in
mind that it took ca. 9 months to modify and optimize the crossed molecular beams
machine for this two-laser experiment, to maximize the number density in the C2H3beam to obtain this reactive scattering signal. Currently, the crossed molecular beam
machine is undergoing a major reÐt to an oil-free operation. This will reduce the back-
ground and enhance the signal-to-noise level, thus reducing the data accumulation time
by a factor of ca. 10. With these experimental improvements, this experiment will con-
tinue in the near future.

Although we have not yet been able to record a full angular distribution, the identiÐ-
cation of under single-collision conditions underlines the potential importance ofC3H2this reaction to form isomers in the ISM. Hence, at this stage we can only outlineC3H2all feasible reaction pathways without resolving the actual one(s), cf. Fig. 12. Atomic
carbon can attack the alkenic p bond to yield a cyclic isomer 1. Depending on itsC3H3lifetime and the chemical reaction dynamics, 1 undergoes CwH bond cleavage to form
singlet/triplet 2 and/or ring opens to the propargyl radical 3. 3 either loses an HC3H2
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Fig. 9 CM angular Ñux distribution (bottom) and translational energy Ñux distribution (top) for
the reaction at a selected energy of 39.3 kJ mol~1C(3Pj) ] H2CCCH2

atom at the acetylenic carbon atom to form singlet/triplet vinylidenecarbene, 4,H2CCC
or at the alkenic carbon atom to yield triplet/singlet propargylene 5. Based on the ener-
getics, all three isomers can be formed in either the singlet or triplet state ; the nature of
the isomer(s) formed remains to be resolved.C3H2

Fig. 10 SimpliÐed scheme of the reaction. The equilibrium structures of 3C(3Pj)] H2CCCH2and are under investigation.53n-C4H3
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Fig. 11 TOF spectra of at m/z\ 38 at the CM angle of 53¡C3H2
4.4 C(3P

j
) + C

2
HD

Our ab initio calculations show that the isotopic substitution of H versus D shows a
profound e†ect on the energetics of the title reaction.39 Earlier investigations revealed
that formation of both the and isomers are exothermic by 8.6 and 1.3 kJc-C3H l-C3Hmol~1, respectively :

C(3Pj)] C2H2(1&g`)] l-C3H(2%1@2) ] H(2S1@23 ) ; *RH¡ \ [1.3 kJ mol~1
] c-C3H(2B2) ] H(2S1@2) ; *RH¡ \ [8.6 kJ mol~1 (6)

Substituting one H atom by D gives the following reaction energies :

C(3Pj)] C2DH(1&)] l-C3D(2%1@2) ] H(2S1@2) ; *R H¡ \ [0.2 kJ mol~1
] l-C3H(2%1@2) ] D(2S1@2) ; *R H¡ \ ]5.9 kJ mol~1
] c-C3D(2B2) ] H(2S1@2) ; *R H¡ \ [9.2 kJ mol~1
] c-C3H(2B2) ] D(2S1@2) ; *R H¡ \ [1.4 kJ mol~1 (7)

Crossed molecular beams experiments are underway.

Fig. 12 Schematic pathways to distinct isomers viaC3H2 C3H3 intermediates
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5 Astrophysical implications

5.1 C(3P
j
) + H

2
S

The system represents the prototype reaction of ubiquitous interstellarC(3Pj)ÈH2Scarbon atoms with the simplest saturated sulfur molecule, hydrogen sulÐde, to synthe-
size sulfur-containing species via a single atomÈneutral collision. The insights in the
chemical dynamics of this reaction reveal an important pathway to hitherto astronomi-
cally unobserved HCS. The thermodynamically less stable HSC isomer could not be
detected in our experiments, and upper limits show a maximum contribution of 10% to
the reactive scattering signal. Further, this reaction does not form CS through elimi-H2nation. is ubiquitous in the ISM and has been observed, for example, in molecularH2Sclouds TMC-1 and OMC-1 toward the star-forming region SgrB2, and around the
circumstellar envelope of the carbon star IRC]10216.40,41 Upon reaction of C(3Pj)with hydrogen sulÐde, the very Ðrst CwS bond is formed. HCS could react with

to form the astronomically observedC(3Pj) C2S:42
C(3Pj) ] H2S ] HCS] H (8)

C(3Pj) ] HCS] C2S ] H (9)

Very recently, experimental as well as theoretical rotational constants of the HCS
radical have been obtained.43 These will be applied to search for the HCS radical in the
ISM.

5.2 C(3P
j
) + H

2
CCCH

2
Methylacetylene, has been widely observed in dark, molecular clouds such asCH3CCH,
OMC-1 and TMC-1 in high fractional abundances between (4È6)] 10~9 cm~3 by
microwave spectroscopy.44 A second isomer, allene holds no per-C3H4 (H2CCCH2),manent electric dipole moment and, hence, shows no rotational spectrum. Although

be detectable via IR spectroscopy in the circumstellar shell of, e.g. theH2CCCH2 should
carbon star IRC]10216, this isomer has escaped any astronomical identiÐcation so far.
Despite this failure, the allene isomer is strongly expected to be present in dark, molecu-
lar clouds as well as in the outÑow of carbon stars and, hence, was included in chemical
reaction networks modelling time-dependent chemistry in these extraterrestrial
environments16 and in astrochemical databases.45 However, owing to insufficient labor-
atory data, these models cannot predict the formation of distinct structural isomers and,
hence, are unable to account for di†erent chemical reactivities of allene versus methyl-
acetylene. Therefore, the explicit identiÐcation of the isomer, as well as a second,n-C4H3cyclic isomer in the reaction of with methylacetylene, outline the necessity toC(3Pj)include distinct reactant as well as product isomers in chemical reaction network model-
ling of the chemistry in interstellar environments.

5.3 C(3P
j
) + C

2
H

3
Singlet cyclopropenylidene, hereafter referred to as was detected in 1985 viac-C3H2,microwave spectroscopy in the ISM.46 Subsequent quantitative surveys indicated that

is one of the most abundant molecules in interstellar environments such as darkc-C3H2clouds TMC-1, Oph A, Ori A, and SgrB2 and the carbon star IRC]10216, holding
fractional abundances up to 10~8 molecules cm~3. 47 In di†use clouds, cyclo-
propenylidene is depleted by a factor of ca. 100.48 A second isomer, singlet vinyl-C3H2idenecarbene, was discovered six years later by Cernicharo et al. towardsH2CCC,
TMC-1.49 Compared with cyclopropenylidene, its fractional abundance is only 1È2%.
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Most surprisingly, however, a third isomer triplet propargylene, although more stable
than vinylidenecarbene, has never been observed in the ISM.

However, despite high number densities of the formation mechanism of thisc-C3H2,cyclic molecule has never been resolved either experimentally or theoretically. Typical
ionÈmolecule reaction networks postulate elaborate, multiple ionÈmolecule reactions :50

C] cosmic ray ] C`] e (10)

C2H2] C`] l/c-C3H` ] H (11)

l/c-C3H` ] H2] c-C3H3`] hl (12)

l/c-C3H3`] e] l/c-C3H2] H (13)

C2H4] C`] c-C3H3`] H (14)

] c-C3H2`] H2 (15)

] l-C3H2`] H2 (16)

l/c-C3H3`] e] l/c-C3H2] H (17)

These approaches, however, neither reproduced fractional abundances, isomer-ratios
of vs. nor accounted for high deuterium enrichment observed inC-C3H2 H2CCC,

vs. i.e. an observed value of 0.08 in TMC-1 vs. 0.015 obtained in chemi-c-C3HD c-C3H2,cal models. Hence, the reaction of atomic carbon with the vinyl radical can replace the
ionÈmolecule based four- to Ðve-step synthesis through a single reactive encounter to
form isomers.C3H2
5.4 C(3P

j
) + C

2
HD

The reaction of with is closely related to reaction (1) and investigates theC(3Pj) C2HD
deuterium isotope e†ect on the formation of Although the deuteriated isomersl/c-C3D.
have never been observed in the ISM, Yamamoto et al. suggested that, at least, the

radical should be present and be observable towards TMC-1 in the microwavec-C3Dregion.51 Recent crossed beam investigations combined with ab initio calculations of
reaction (1) showed that the synthesis of is exothermic by 8.6 kJ mol~1, com-c-C3Hpared with synthesis of the isomer that is exothermic by only 1.3 kJ mol~1.52 Thel-C3Hsubstitution of one H atom by a D atom in acetylene changes the zero-point vibration
energy and, hence, the reaction energy.

Based on our ab initio calculations, the formation of from cannot bel-C3H C2DH
covered by the reactantsÏ average translational energy of ca. 0.08 kJ mol~1 in cold
molecular clouds, and only can be formed. Both reaction pathways to the cyclicl-C3Disomer, however, are exothermic. These Ðndings should be reÑected in prospective
astronomical surveys of the fractional abundances of vs. toward darkl-C3H l-C3Dclouds. Our results strongly suggest enhanced deuterium enrichment in the linear isomer
versus the cyclic one. In warmer interstellar environments, such as the outÑow of carbon
stars, the reaction endothermicity to of only 5.9 kJ mol~1 could be compensatedl-C3Hby the enhanced averaged translational temperature of the reactants. Hence, compared
with cold clouds, the isotopic enrichment is expected to be less pronounced.

6 Conclusions
The crossed molecular beams technique and ab initio calculations have been established
as a universal and powerful tool to investigate neutralÈneutral reactions of potential
importance to interstellar chemistry under well deÐned reaction conditions. All C(3Pj)reactions with unsaturated hydrocarbons and studied so far are barrier-less and areH2Sdominated by a carbonÈhydrogen exchange channel. Based on the CM angular Ñux
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distribution T (h) and CM translational energy Ñux distribution, the crossedP(ET),molecular beams approach with a universal detector is able to distinguish between dis-
tinct hydrocarbon and thiohydrocarbon product isomers. This carbonÈhydrogen
exchange channel represents an alternative pathway to competing ionÈmolecule reac-
tions. Further, it clearly underlines that not only are reaction rate constants important
to model interstellar chemistry, but also that the inclusion of distinct structural isomers
into these interstellar reaction networks is equally important. This versatile concept can
be used further to predict the formation of these radicals in interstellar environments. If
regions of high fractional abundances of atomic carbon overlapping with those of the
second reactant radical/molecule are identiÐed, then the reaction takes place in these
environments. Since none of the species, except have been detected in thel-C3H/c-C3H,
ISM, our results should encourage astronomical search for these hitherto unobserved
radicals.

In addition, no radiative association takes place under single-collision conditions. If
the reactions studied here take place on interstellar grains, the collision complexes
involved could be stabilized. For example, the reaction of with on interstellarC(3Pj) H2Sgrains might resolve the anticorrelation of and in carbon-rich dark cloudsH2CS H2STMC-1. Since is formed on interstellar grains, implanted carbon atoms from theH2Sgas phase very likely react to give a thiohydroxycarbene intermediate. Its lifetime is
expected to be longer in a solid matrix as compared with our crossed beam experiments,
and a second H-migration to thioformaldehyde might take place.

The work presented so far is just the Ðrst steps towards a better understanding of the
importance of neutralÈneutral reactions in contrast to ionÈmolecule reactions in the
formation of molecules and radicals in extraterrestrial environments. The chemical
dynamics of atomÈradical and radicalÈradical reactions in the ISM are completely
unknown. Both reaction classes, however, are expected to have a profound impact on
chemistry in interstellar and hydrocarbon-rich planetary environments at very low tem-
peratures, down to 10 K: reactive encounters between CH, and open-shellC(3Pj), C2H,
hydrocarbons such as CH, and radicals are thought to resembleC2H, C2H3 C3H3prototype reactions proceeding without any barrier in the entrance channel. Therefore,
these reactions are strongly expected to form complex species, even in the coldest known
interstellar clouds where the average kinetic energy of reactant molecules is ca. 0.08 kJ
mol~1 and will be studied in the future. We will keep you informed.
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