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ABSTRACT 

The reaction between ground state carbon atoms, C(3Pj), and acetylene, C2H2(X
1:I:g+), is studied at three 

collision energies between 8.8 and 45.0 kJmor1 using the crossed molecular beams technique. Product angular 

distributions and time-of-flight spectra of C3H at rnfe = 37 are recorded. Forward-convolution fitting of the data 

yields weakly polarized center-of-mass angular flux distributions decreasingly forward scattered with respect to 

the carbon beam as the collision energy rises from 8.8 to 28.0 kJmor1
, but isotropic at 45.0 kJmor1

• Reaction 

dynamics inferred from the experimental data and ab initio calculations on the triplet C3H2 and doublet C3H 

potential energy surface suggest two microchannels initiated by addition of C(3Pj) either to one acetylenic 

carbon to form s-trans propenediylidene or to two carbon atoms to yield triplet cyclopropenylidene via loose 

transition states located at their centrifugal barriers. Propenediylidene rotates around its B/C axis and undergoes 

[2,3]-H-migration to propargylene, followed by C-H-bond cleavage via a symmetric exit transition state to l

C3H(X2I1j) and H. Direct stripping dynamics contribute to the forward-scattered second microchannel to form c

C3H(X2B2) and H. This contribution is quenched with rising collision energy. 

The explicit identification of l-C3H(X2I1j) and c-C3H(X2B2) under single collision conditions represents 

a one-encounter mechanism to build up hydrocarbon radicals in the interstellar medium and resembles a more 

realistic synthetic route to interstellar C3H isomers than hitherto postulated ion-molecule reactions. Relative 

reaction cross sections to the linear versus cyclic isomer correlate with actual astronomical observations and 

explain a higher [c-C3H]/[l-C3H] ratio in the molecular cloud TMC-1 (:::::: 1) as compared to the circumstellar 

envelope surrounding the carbon star IRC+10216 (:::::: 0.2) via the atom-neutral reaction c(3Pj) + C2H2(X
1:I:g+). 
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I. INTRODUCTION 

Linear and cyclic C3H, i.e. propynylidyne (l-C3H) and cyclopropynylidyne (c-C3H), Fig. 1, are ubiqui

tous in the interstellar medium (ISM) and hold high fractional abundances up to 1 o-9 relative to atomic hydro-

gen. l-C3H was detected in 1985 by Thaddeus et al. via microwave spectroscopy toward the dark Taurus 

molecular cloud 1 (TMC-1) and the carbon star IRC+10216 [1-2]. Two years later, Yamamoto et al. [3] 

identified rotational transitions of the cyclic isomer in TMC-1 prior to laboratory synthesis via radio frequency 

discharge of He/CO/C2H2-mixtures. Interstellar reaction networks postulate their formation via successive ion-

molecule reaction, radiative association, and dissociative recombination (reactions 1-4) [4-6] or (reactions 5-7) 

[7]: 

(1) C2H2+C+ ~ l/c-C3H+ + H 

(2) l/c-C3H+ + H2 ~ c-C3H3+ + hv 

(3) l/c-C3H3+ + e- ~ l/c-C3H + 2 H 

(4) ~ l/c-C3H + H2 

(5) C2&+C+ ~ c-C3H3+ +H 

(6) ~ l/c-C3H2 + + H2 

(7) l/c-C3H2+ + e- ~ l/c-C3H +H. 

Very recently, however, crossed molecular beam reactions of atoniic carbon in its3 Pj electronic ground 

states with acetylene (reaction 8, [8]), ethylene (reaction 9, [9]), and methylacetylene (reaction 10, [10]) 

established the carbon-hydrogen exchange channel to tricarbon hydride, the propargyl radical, and butatrienyl/a-

ethinylvinylidene as an alternative pathway to synthesize neutral species: 

(8) 

(9) 

(10) 

C(3Pj) + C2H2 ~ C3H + H 

cePj) + Cz& ~ l-C3H3 + H 

cePj) + CH3CCH ~ n-C4H3 + H. 

Although our preliminary studies on the cePj)/C2H2 system could not identify the C3H isomer [8], this 

mechanism opens a versatile route to form extremely reactive hydrocarbon radicals via atom-neutral reactions 
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under single collision conditions in the ISM and does not require reaction chains of successive binary 

encounters under interstellar conditions with reactant number densities as low as 10-4 cm-3. 

Despite the key role of the C3H system in understanding the competition between ion-molecule reactions 

and atom-neutral chemistry in the ISM, the C3H potential energy surface (PES) is poorly characterized. c-C3H in 

its 2B2 electronic ground state holds the global minimum and resembles a prolate asymmetric top of C2v 

symmetry with rotational constants A= 1.48 cm-1
, B = 1.1 cm-1

, and C = 0.64 cm-1 [11-18]. The unpaired elec-

tron is delocalized over the carbon skeleton as reflected in almost identical carbon-carbon bond lengths of r(C-

CH) = 1.3739 A, and r(C-C) = 1.3771 A de~ermined via microwave spectra, as well as the nearly uniform p-cha-

racter of the A-axis based carbon atom of 31.8 % versus a 20.4 % contribution from the two symmetric C-

atoms [19]. This electron delocalization gives rise to a spin-orbit-splitting of 0.32 kJmor1 [19]. The presence of 

a low-lying excited electronic state, A2A1, about 120 kJmor1 above the ground state induces a pseudo Jahn-Tel-

ler effect, but its magnitude is not strong enough to distort the carbon skeleton to a reduced Cs symmetry [20]. 

The linear isomer in its doubly degenerate electronic 2I1 112 ground state was thought to be 1.3 - 28.2 

kJmor1 less stable than c-C3H [21-24]. Laboratory as well as interstellar microwave spectra indicate that l-C3H 

belongs to the C~v point group and has a rotational constant B = 0.37 cm-1 [21-24]. Spin-orbit coupling is less 

efficient in this system as compared to the cyclic one, and the 2I1312 state is separated by only 0.18 kJmor1 from 

the true electronic ground state [21-24]. In strong contrast to c-C3H, the unpaired electron is predominantly 

confined to 90% to the p atom orbital of the terminal carbon atom, and delocalized to only 10 % over a 1t 

molecular orbital (MO) [21-24]. Distinct carbon-carbon lengths of r(HC-C) = 1.2539A, and r(HCC-C) = 

1.3263A support this finding. Further, the C-H distance of 1.0171A is shorter than a typical acetylenic carbon-

hydrogen bond with 1.0605A and is interpreted in terms of a large amplitude motion of the doubly degenerate 

v4-CCH-bending mode. Due to the v4 interaction with the X2I1112 state (Renner-Teller effect), its vibration 

energy ranges only 0.3 kJmor1 above the X2I11!2 state [23-24]. 
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Previous mechanistic information on the cePj)/C2H2 system were derived from bulk experiments at 293 

K [25] and indicate the reaction proceeds within orbiting limit, i.e. a dominating C6-dispersions interaction term 

and chemical dynamics invariant with respect to the C2H2 geometry [26]. Herbst et al. [27] reproduced Husain 

et al.' s [25] rate constant within the orbiting framework assuming only one third of the trajectories lead to 

products. This conclusion correlates with Takahashi and Yamashita's ab initio calculations and suggests that the 

initially triply degenerate surface splits into one attractive and two repulsive ones as the reactants approach [28]. 

Reaction products were first identified via a crossed beam study of (8) under single collision conditions as 

tricarbon hydride, C3H, and atomic hydrogen [8]. 

In this paper, we extend our preliminary investigations on the cePj)/C2H2 system and elucidate the 

energy dependent chemical dynamics of the atom-neutral reaction cePj) + C2H2(X 1~+g) under single collision 

conditions at collision energies between 8.8 and 45.0 kJmor'. The direct measurement of product velocity and 

angular distributions identify the primary reaction channel(s) and acquire dynamical information on elementary 

steps of the reaction. State-of-the-art ab initio calculations on the doublet C3H and triplet C3H2 surfaces 

supplement our experimental data, compare refs. [29-30]. Together they reveal possible reaction pathways to 

interstellar C3H isomers, C3H radicals postulated in chemical vapor deposition (CVD) processes to synthetic 

diamonds [31-32], as well as trapped C3H2 intermediates in C2H2/02 flames [33]. 

II. EXPERIMENTAL SETUP AND DATA ANALYSIS 

Since atomic carbon is tetravalent in closed shell molecules, formation of chemically stable species in · 

the very first encounter is highly unlikely, and experiments must be performed under single collision conditions 

to identify the primary reaction products. These requirements are achieved here using a universal crossed 

molecular beam apparatus described in [34] in detail. A pulsed supersonic carbon beam was generated via laser 

ablation of graphite at 266 nm [35]. The 30 Hz, 35-40 mJ output of a Spectra Physics GCR-270-30 Nd:YAG 

laser is focused onto a rotating carbon rod. Ablated carbon atoms are seeded into neon or helium carrier gas 
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released by a Proch-Trickl pulsed valve operating at 60 Hz and 80 Jl.S pulses with 4 atm backing pressure. This 

setup generates cePj) within the velocity regime 800- 3000 ms-1 [35], ceP/Dz) between 3000 and 3300 ms-1 

[36], and solely ceD2) in the free ablation mode yielding velocities between 3300 and 5500 ms-1 [36]. A four 

slot chopper wheel selects a 7.0 Jl.S segment of the seeded carbon beam. Table 1 compiles the experimental 

beam conditions. The carbon beam at 45.0 kJmor1 contains contributions of ceDz) atoms, whose reaction 

dynamics are subject of a forthcoming article. Since excited electronic state of C2 and C3 are expected as well, 

but no fragmentation patterns are available, the composition of the carbon beam as well as the flux factor are 

extremely speculative at this collision energy and therefore excluded from Table 1. 

The pulsed carbon and a continuous acetylene beam at 550±12 torr backing pressure pass through 

skimmers and cross at 90° in the interaction region of the scattering chamber. Products were detected in the 

plane of the beams using a rotable quadrupole mass spectrometer with electron-impact ionizer at different 

laboratory angles steps between 5.0° and 60.0° with respect to the carbon beam. Time-of-flight spectra (TOF) 

were recorded choosing a channel width of 7.5 Jl.S. The velocity of the supersonic carbon beam was monitored 

frequently and minor velocity drifts corrected by adjusting the laser pulse delay within ± 1.0 Jl.S. To calibrate 

fluctuating carbon beam intensities and mass dial settings at the quadrupole controller, reference angles were 

chosen at 60.0° (8.8 kJmor\ 37.5° (28.0 kJmor1
), and 30.0° (45.0 kJmor1

). 

Kinematic information are extracted by fitting the TOF spectra and the product angular distribution in 

the laboratory frame using a forward-convolution routine [37]. This iterative approach initially guesses the 

angular flux distribution T(8) and the translational energy flux distribution P(ET) in the center-of-mass system 

(CM) assuming mutual independence. Laboratory TOF spectra and the laboratory angular distributions (LAB) 

are then calculated from these T(8) and P(ET) convoluted over the apparatus functions to obtain simulations of 

the experimental data. 
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Ill. AB-INITIO CALCULATIONS 

All ab initio results presented in this paper have been computed at the CCSD(T) level (single- and 

double-excitation coupled cluster with a perturbational estimate of triple excitations) [38-41], based on unre

stricted Hartree-Fock (UHF) wavefunctions. The ACES II program package was used [42-44]. Stability of the 

zeroth-order self-consistent field (SCF) wavefunctions [ 44] has been checked, and spin contamination occuring 

in the SCF wavefunction (typically 2.40 for <S2> in triplet states of C3H2) is mostly eliminated within the 

coupled cluster scheme. All structures were fully optimized at the CCSD(T) level. To characterize stationary 

points (local minima or saddle points), vibrational frequencies have been calculated numerically within the 

harmonic approximation using analytic CCSD(T) gradients. Geometries, vibrational frequencies as well as zero

point energies have been computed for all isomers using a triple-zeta plus polarization basis set (TZP) [45] (H: 

(5slp)/[3slp]; C: (10s6pld)/ [6s3pld]). Energy differences were obtained by single-point calculations with a 

quadruple-zeta double polarization (QZ2P) [45] basis (H: (7s2pld)/[4s2pld]; C: (lls7p2dlf)/[6s4p2dlf]) at the 

UCCSD(T)/TZP geometries. For some of the reaction energies a cc-pVQZ basis was used (H: (6s3p2dlf)/ 

[4s3p2dlf]; C: (12s6p3d2flg)/[5s4p3d2flg]) [46]. This approach is expected to yield standard reaction enthal

pies with an accuracy of about 1-3 kJmor1
• The systematic ab initio investigations of the triplet C3H2 and 

doublet C3H systems are described elsewhere in detail [30], where methodical aspects, energies, energy 

differences, geometries, and vibrational frequencies are discussed extensively. Here, we focus on results 

necessary to supplement our experimental data. 

IV. RESULTS 

A. REACTIVE SCATTERING SIGNAL 

Reactive scattering signal was only observed at rnle = 37, i.e. C3H, c.f. Figs. 2 - 7 and Tab. 2. TOF spec

tra recorded at rnle = 36 show identical patterns indicating that the energetically accessible, but spin forbidden 

channel 3 is closed. Endothermic exit channels 4 - 6 could not be opened at relative collision energies applied 

here. Additionally, no radiative association to C3H2 at rnle = 50 or higher masses were observed. 
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B. LABORATORY ANGULAR DISTRIBUTIONS (LAB) AND TOF SPECTRA. 

Figs. 2 - 4 display the most probable Newton diagrams of the title reaction as well as the laboratory 

angular (LAB) distributions of the C3H product at collision energies of 8.8, 28.0, and 45.0 kJmor1
. At the 

lowest applied collision energy, the LAB distribution peaks at 50.0°, slightly forward scattered with respect to 

the center of mass (CM) angle at 57 .9°. As increased to 28.0 and 45.0 kJmor1
, the fits of both LAB distributions 

originating from the C(3Pj) component reveal maxima at the CM angles of 37.3° and 30.4°, respectively. Since 

the enthalpies of formation of both C3H isomers differ by about 7.5 kJmor 1
, c.f. section V.A., the differentiation 

of c-C3H versus l-C3H based solely on limiting circles is· not possible. However, the dashed lines originating in 

the Newton diagrams support the correct order-of-magnitude of the calculated reaction enthalpy even within the 

velocity spreads, since no reactive scattering signal was detected outside the thermodynamical limit. Further, the 

narrow range of the laboratory angular distribution of only 45.0° and the mass ratio of both departing C3H and H 

fragments (37: 1) suggest that the averaged translational energy release <Er> is small as confirmed in our ab 

initio calculations of the reaction exothermicities, Tab. 2. In addition, all center-of-mass translational energy 

distributions P(Er)s are expected to peak near zero indicating a loose exit transition state from the decomposing 

C3H2 complex(es) to the products. 

C. CENTER-OF-MASS TRANSLATIONAL ENERGY DISTRIBUTIONS, P(ET) 

Fig. 8 presents the translational energy distributions P(Er) and angular distributions T(9) in the center

of-mass frame of the reaction C(3Pj) + C2H2(X
1:Lg+) ~ C3H +H. Best fits of TOF and LAB distributions were 

gained with P(Er)s extending to a maximum translational energy release Emax of 20 kJmor1 (Econ = 8.8 kJmor 

1
), 43 kJmor1 (Econ = 28.0 kJmor 1

), and 57 kJmor 1 (Econ = 45.0 kJmor 1
). Further, the most probable 

translational energy yields the order-of-magnitude of the barrier height in the exit channel. As expected from the 

LAB distributions, all P(ET)s peak near zero, here between 5 and 16 kJmor1
• These findings suggest a nearly 
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simple bond-rupture process via a loose exit transition state and a minor electron density reorganization from 

the decomposing C3H2 complex to the products. Finally, the average translational energy release obtained was 

8.0±3.0 kJmor1 at Econ = 8.8 kJmor1
, 17.0±2.0 kJmor1 at Econ = 28.0 kJmor1

, and 23.0±4.0 kJmor1 at Econ = 

45.0 kJmor1
. 

D. CENTER-OF-MASS ANGULAR DISTRIBUTIONS, T(6) 

As the collision energy increases, the T(6)s show a decreasing total fraction of forward-scattering from 

27.0±3.0 % (8.8 kJmor1
) via 7.0±3.0 % (28.0 kJmor 1

) to an isotropic distribution at 45.0 kJmor1 (Fig. 8). In 

strong coincidence, the intensity ratio of T(6) ate= oo to 180° drops from 2.6±0.3 via 1.2±0.2 to 1.0 with rising 

collision energy. These data eliminate an osculating complex as discussed in [9-10], but rather indicate two 

distinct microchannels. The first one is strongly forward scattered with respect to the carbon beam and shows a 

significant correlation of the initial and final orbital angular momentum L and L' perpendicular to the initial and 
( 

final relative velocity vectors v and v'. As the collision energy rises, this contribution is quenched. The collision 

energy invariant forward-backward symmetric T(6) shape of the weakly polarized and isotropic microchannel 2 

is either induced by a long-lived complex behavior of the decomposing C3H2 intermediate holding a lifetime 

longer than its rotational period [47-48] or alternatively via a symmetric C3H2 intermediate giving rise to a 

symmetric exit transition state [9-1 0]. Its weak polarization results from total angular momentum conservation 

and angular momentum disposal as discussed previously [9-10]. Since C2H2 is prepared in a supersonic 

expansion and the rotational state distribution peaks at only 2/i at a typical rotational temperature of 20- 30 K, a 

classical treatment defines the total angular momentum J to 

(11) J = L' + j'::::: L 

with the rotational angular momentum of the C3H product j'. The maximum initial orbital angular momentum 

Lmax can be approximated referring to bulk experiments which indicate the title reaction proceeds within orbi-

ting limits [25]. Therefore, we calculate the maximum impact parameter bmax leading to reaction to bmax(8.8 
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kJmor1

) = 3.6 A., bmax(28.0 kJmor 1
) = 2.7 A., and bmax(45.0 kJmor 1

) = 2.5A., and the maximum orbital angular 

momentum Lmax to Lmax(8.8 kJmor1
) = 65±31i, Lmax(28.0 kJmor1

) = 95±41i, and Lmax(45.0 kJmor1
) = 

111±51i. Further, an upper limit of L' is estimated by choosing exit impact parameters to typical dimensions in 

feasible decomposing C3H2 complexes between 1.0 and 1.5 A., c.f. section V.A. This procedure yields L'(8.8 

kJmor1
) < 101i and L'(28.0 kJmor1

) < 151i, and L'(45.0 kJmor 1
) < 221i. Since L' <:0.18 L, Land L' are 

poorly coupled, and most of the total angular momentum channels into rotational excitation of the C3H product 

on average to result in weakly polarized T(9)s. 

E. FLUX CONTOUR MAPS AND TOTAL RELATIVE CROSS SECTIONS 

Figs. 9-11 show the center-of-mass flux contour maps I(9,ET) - T(9)*P(ET) at all three collision 

energies. As expected from the T(9)s, the forward peaking of the product flux with respect to the carbon beam 

on the relative velocity vector decreases as the relative collision increases and leads ultimately to a forward-

backward symmetry at 45.0 kJmor1
• Integrating this flux distribution over 9, <p, ET, and correcting for the 

reactant flux as well as relative reactant velocity (Tab. 1), we find a ratio of the relative cross section of cr (8.8 

kJmor1)/cr(28.0 kJmor1
) = 3.5 ± 1.4. This dropping cross section with increasing collision energy correlates 

qualitatively with discussed bulk experiments [25]. Since no reaction channel to m/e = 36 is involved, the 

deviation from the simple capture process [cr(8.8 kJmor1)/cr(28.0 kJmor1)]capture = 1.3±0.1 strongly indicates 

sterical effects when the orbiting radii fall below the van der Waals dimension of the molecule [9]. Since the 

fragmentation pattern of electronically excited C2 and C3 clusters are unknown, we cannot compute the relative 

cross section at Econ = 45.0 kJmor1
• 
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V. DISCUSSION 

Ab-initio calculations on the cePj)/C2H2-system greatly facilitate the understanding of the chemical 

dynamics, if the anticipated T(S)s and P(ET )s are successively derived. from distinct energetically accessible 

C3H2 reaction intermediates and compared with the actual experimental results. Since no triplet C3H2 intermedi

ate fulfills requirements of intersystem crossing [49-50], the discussion is limited to the triplet surface. We 

demonstrate that cePj) interacts in the primary encounter with two acetylenic carbons to cyclopropenylidene 

(microchannel 1) and with one carbon atom to trans propenediylidene (microchannel 2). Propenediylidene 

undergoes [2,3]-H-migration to propargylene, followed by decomposition to l-C3H and atomic hydrogen, 

whereas cyclopropenylidene fragments to c-C3H and H. 

A. THE TRIPLET C3H2 AB·INITIO POTENTIAL ENERGY SURFACE 

Propargylene, hereafter HCCCH, in its X3B state holds the global minimum on the triplet C3Hz-PES 

with an enthalpy of formation Mlf0 (0 K) = 553.1 kJmor 1 [51], Figs. 12- 13 and Tab. 3. The internal coordi

nates depict a carbon-carbon distance of 1.28 A almost halfway between a typical double (1.34 A) and triple 

(1.20 A) bond as well as a C-C-C chain deviating by only 8.i0 from linearity. These data and the torsion angle 

of both H-atoms of 88.0° gives rise to a C2 symmetry of the 1,3 diradical and correlate with Seburg and 

coworkers' experimental FTIR assignment of 13C substituted propargylene in argon matrices at 8 K [52]. 

A second isomer, vinylidenecarbene H2CCC, possesses C2v symmetry in the lowest triplet a3B1 state. The 

carbon-carbon lengths ~temate with 1.24 A (terminal to central) and 1.37 A and characterizing the terminal 

H2CC group as olefinic like. This interpretation gains support from a C-H-distance of 1.08 A slightly shorter 

than in ethylene (1.10 A) and a HCH angle of 118.9° versus 117.5° in the C2~ molecule. The enthalpy of 

formation of vinylidenecarbene Mlf0 (0 K) = 688.0 kJmor 1 stands in excellent agreement with a recent 

experimental value of 668±30 kJmor1 calculated from Mit of singlet vinylidenecarbene via bond dissociation 
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of the propargyl radical plus the singlet-triplet gap of vinylidenecarbene as studied from the photoelectron 

spectrum of the propadienylidene anion [53]. 

Cyclopropenylidene c-C3H2 (a
3 A electronic state, C1 point group) ranks at mfo (0 K) = 725.5 kJmor1

• 

Three carbon and one hydrogen atom span almost a plane with an 0.2° out-of-plane angle of the H atom with ' 

respect to the C3 ring, whereas the second hydrogen atom is bent 46.1° out-of-plane. The carbon-carbon 

distances strongly alternate between 1.55 A (aliphatic), 1.45 A (aliphatic to olefinic), and 1.30 A (olefinic), 

whereas the C-H-lengths range between 1.07 and 1.09 A. 

Another isomer, triplets-trans propenediylidene, CHCCH [55], (Cs symmetry; 3 A" electronic state) lies 

additional 78.4 kJmor1 higher in energy giving Mit (0 K) = 803.9 kJmor1
• As evident from the 1.35 A 

(terminal to central) and 1.39 A carbon-carbon bond lengths, the 1t-electron is delocalized over the carbon 

skeleton. A triplet s-cis isomer as found by Yamashita et al. [28] could not be confirmed even at our highest 

level of theory. 

B. REACTION PATHWAYS TO 1- AND c-C3H 

The schematic energy level diagram in Fig. 13 shows three theoretically feasible, prompt reaction 

pathways. Insertion of cePj) in the C-H-bond of an acetylene molecule leads to triplet propargylene, whereas 

addition of the electrophile carbon atom to carbon centers on C 1 and C2 atoms in C2H2 forms triplet 

cyclopropenylidene. The final pathway to triplets-trans propenediylidene involves attack of two perpendicular 

C(3Pj)-p-orbitals to both perpendicular 1t-M0s on C1, which might undergo consecutive [2,1]-H-migration to 

vinylidenecarbene, subsequent [2,3]-H-migration to propargylene, ring closure to cyclopropenylidene, or a C2-

H-bond rupture to l-C3H. In addition, vinylidenecarbene might fragment via Cl-H-cleavage to l-C3H(X2II112) or 

shows [3,1]-H-migration to propargylene, which itself yields l-C3H(X2I1 112) by Cl-H or C3-H bond rupture. 

Finally, cyclopropenylidene can decompose directly to c-C3H(X2B2) and H. 
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a) the isotropic microchannel 

The requirement of a symmetric exit transition state confines the decomposing complexes to vinylidene

carbene or propargylene. Cyclopropenylidene as well as trans propenediylidene can be excluded from the further 

discussion, since no symmetry element allows a symmetric H-atom emission in e and 8-1t to account for the 

forward-backward symmetry of T(S). If vinylidenecarbene existed, the decomposing complex rotated around the 

C2 figure axis and formed exclusively l-C3H(X2Tij). The linear isomer would be excited to rotations around its 

internuclear axis, but due to the vanishing moment of inertia, this rotation is energetically not accessible. Even 

accounting for the Renner-Teller effect contributes only to a quasilinear molecule, since the PES is very flat [23-

24, 30]. Therefore, the symmetric exit transition state results from rotation of the triplet propargylene complex 

around the C2 axis. Due to the weak L-L' coupling, our experiments cannot distinguish between an oblate and 

prolate exit transition state. However, future experiments probing the A-doublet population might resolve this 

puzzle. 

The remaining question to be solved is the reaction pathway to triplet propargylene itself, i.e. an 

insertion process versus addition and subsequent hydrogen migration. Insertion of C(3Pj) into the acetylenic C

H-bond can be ruled out, since only a small range of impact parameters less than 1.68 A would contribute to the 

reactive scattering signal. On the other hand, bulk experiments as well as our studies indicate a dominating 

capture process with impact parameters as large as 3.6 , 2.7, and 2.5 A. Further, this process resembles a 

symmetry forbidden reaction and is expected to involve a significant entrance barrier .much larger than our 

lowest collision energy of 8.8 kJmor 1
• In strong analogy, cePj) reaction with methylacetylene exhibit no 

evidence of insertion into the acetylenic C-H-bond [10]. 

Alternatively, an interaction of two perpendicular cePj)-p-AOs with two acetylene 1t-MOs under initial 

Cs symmetry on the 3 A" surface forms a carbon-carbon cr as well as 1t-bond to s-trans propenediylidene. This 

pathway involves a maximum orbital overlap and opens a large range of impact parameters for reactive encoun-
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ters [10]. A subsequent [2,3]-H-migration in s-trans propenediylidene yields propargylene which must rotate 

around its C2 figure to explain the isotropic, forward-backward symmetric T(O). Therefore, no symmetry 

element is conserved during the reaction and the initial Cs approach symmetry is reduced to C1• Hence the 

reaction proceeds on the 3 A surface to yield finally l-C3H(X2I1j) and Hes 112) via C-H-bond rupture. 

This ideal initial Cs approach symmetry to propenediylidene preserves the C-C-C plane as a symmetry 

element. Since the initial orbital angular momentum becomes the total angular momentum of the initially 

formed collision complex, s-trans propenediylidene rotates in a plane almost perpendicular to L around its C 

axis. A slight off-plane aproach of the carbon atom towards acetylene under C1 symmetry can excite B-rotations 

as well. Unfortunately, experimental data cannot prove the s-trans structure of the propenediylidene isomer ex-

plicitely. But similar reactions of C2H2 with CH3 [55] and H [56] lead solely to intermediates in which the for-

mer acetylenic hydrogen atoms are located trans to each other, and the reaction proceeds very likely through the 

s-trans isomer. 

b) the forward-scattered microchannel 

The strongly forward-scattered microchannel 2 exhibits a strong L-L' correlation and requires that the 

incorporated carbon atom and the leaving hydrogen must be located on opposite sites of the rotation axis in the 

decomposing triplet C3H2 complex. This condition alone limits potential fragmenting triplet complexes to 

propenediylidene rotating around its A- axis, propargylene (A/C-like rotations), cyclopropenylidene (A/C-like 

rotations) and vinylidenecarbene (B-like rotations). Since the reaction follows direct, stripping dynamics and the 

T(O)s strongly peak ate= 0°, a large range of impact parameters contribute to the reactive scattering signal [26]. 

Therefore, cePj) insertion into the acetylenic C-H-bond to propargylene can be excluded as well; the absence of 

insertion intermediates in reaction ( 1 0) was already outlined in the previous paragraph. Therefore, microchannel 

2 has to proceed via propadienylidene or cyclopropenylidene. 
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The deviation of the energy dependent relative cross sections at 8.8 and 28.0 kJmor1 from the classical 

capture theory resolves the reaction dynamics. Although the detailed structure of the molecule does not play a 

role within the simple capture framework, chemical forces must be taken into account, if the capture radius is on 

the order of the van der Waals dimensions of the acetylene molecule. This leads to an alteration of the simple 

orbiting picture and focusses on the electronic structure of the acetylene molecule. As the orbiting radius 

decreases with rising collision energy, reactive encounters from radii exceeding the symmetric 1t-cloud to form 

cyclopropenylidene, Fig. 14, become more and more unlikely, and are shifted toward orbits in which the 1t-cloud 

can be attacked sideways to yield preferentially the propenediylidene isomer. This model explains a decreasing 

cross section and hence forward peaking center-of-mass angular distribution as the collision energy rises and 

further underlines the geometry limited formation of the triplet c-C3H2 isomer. Our conclusion is consistent with 

typical time scales for hydrogen migrations: even the fastest known. H-rearrangement from vinylidene to 

acetylene takes ca. 1 ps [57], one order of magnitude more than the typical 0.1ps required to explain the direct 

reaction dynamics; therefore, no hydrogen migration from propenediylidene to vinylidene or propargylene 

contributes to the forward scattered T(S). As mentioned above, a decomposing propenylidene complex itself 

excited to A-like rotations would explain the forward peaked T(S), but fails to account for the decreasing cross 

section with increasing collision energy. 

The assignment of a triplet cyclopropenylidene enables us to identify rotations around the A-axis. Fig. 14 

outlines this approach geometry of cePj) toward the acetylene molecule. As evident, the second out-of-plane H 

atom is nearly perpendicular to the plane and can likely be ejected almost instantaneously after C-H-bond 

rupture backwards with respect to the carbon trajectory whereas the c-C3H proceeds in forward direction. These 

direct stripping dynamics account for the strongly forward peaked T(S)s of microchannel 2. 
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C. EXIT TRANSITION STATES 

The collision energy dependent shapes of the P(ET)s unveil valuable information on the chemical dyna

mics between the moment of the triplet C3H2 complex formation and the separation into products. All P(ET)s 

peak between 5- 16 kJmor 1 suggesting a loose exit transition state without any significant interaction between 

the departing C3H isomer and H atom beyond the critical configuration. This framework should correlate with 

only minor geometry changes from the decomposing triplet C3Hz complexes to l/c-C3H isomers as evident from 

the molecular dimensions. Compared to triplet propargylene, the C-C and C-H distances alter by less than 0.07 

A in l-C3H, i.e. virtually unchanged C-H bond, an changing C-C-bond distance changes from 1.28 A to 1.24A 

and 1.35A, respectively, a bending angle of the three propargylene carbon atoms deviating by only of 8.1° from 

the linear geometry, and a H-C-C-bond angle widened from 156.5° to 180°. Larger geometry changes up to 

about 0.3A are found in the cyclic C3H isomer as compared to triplet c-C3H2: alternating C-C-distances of 1.45, 

1.30, and a C-H distance of 1.07A show almost identical C-C-lengths of 1.37 and 1.38A in c-C3H, and the C-H

bond increases slightly from 1.07 A to 1.08 A. Likewise, the three carbon and HI of c-C3H2 are almost in one 

plane as found in the C2v symmetric c-C3H isomer. The order of magnitude of the exit barrier of 5-16 kJmor1 is 

consistent, if we compare to P(ET)s of reaction (10) peaking at 30-60 kJmor 1
• Here, a simple, nearly barrier-less 

bond rupture of the C-H-bond in CH3-group would localize electron density on the terminal carbon atom. The 

accompanying electron delocalization over the C4 carbon skeleton, however, induces an additional change in 

electron density to an increased exit barrier. These findings associate with simple correlation diagrams on the 3 A 

surface under C 1 symmetry and show a correlation of the ground state cyclopropenylidene as well as 

propargylene surface with ground state l/c-C3H. 



V. COMPARISON WITH RELATED SYSTEMS 

a) C(3pj) + CH3CCH(X1 At) 
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The chemical dynamics to l-C3H show strong similarities with the reaction of C(3Pj) + CH3CCH [10]. 

Here, cePj) attacks both perpendicular acetylenic 1t-MOs to triplets-trans methylpropenediylidene as well. The 

initial collision complex undergoes a similar [2,3]-H-migration to methylpropargylene which decomposes ton

C4H3 and H. Further, recent matrix studies via FTIR spectroscopy show transformation of propenediylidene to 

propargylene upon heating the argon matrix from 10 K to 36 K and imply a barrier less than 1 kJmor1 for the 

involved H-migration [58]. This low barrier is consistent with the [2,3]-H-migration prevailing even at highest 

collision energies of 45.0 kJmor 1
• The increased exit barrier of 30-60 kJmor1 to n-C4H3 (reaction (10)) versus 

only 5-12 kJmol" 1 to l-C3H correlates with a stronger electron reorganization from the decomposing triplet 

methylpropargylene complex as compared to triplet propargylene to the products. A triplet methylcyclopropeny

lidene collision complex analogous to unsubstituted triplet c-C3H2, however, could not be identified. Here, the 

methyl group very likely reduces the cone of acceptance and screens approach geometries to form the triplet c

C4~ intermediate [26, 1 0]. 

The alternative interpretation of a long-lived C3H2 collision complex contributing to a symmetric T(8) 

can be dismissed, if we compare the center-of-mass angular distribution of this reaction with those of C(3Pj) + 

CH3CCH(X1A1). As obvious from the potential energy well depth of all triplet C3H2 isomers relative to the 

reactants and products, triplet propargylene is expected to hold the highest lifetime. Since the fragmenting me

thylpropargylene complex shows an osculating behavior at 33.2 kJmor1
, the reduced number of 9 (propargy

lene) versus 18 (methylpropargylene) vibrational modes suggest a short-lived propargylene complex with a life

time less than its rotational period of 1.5- 2.7 ps around the C2 symmetry axis at least at a collision energy of 

45.0 kJmor1
• Due to the symmetric exit transition state to c-C3H, no explicit information on the propargylene 

lifetime can be derived. However, future experiments of C(3Pj) with partially deuterated acetylene, C2HD, are 
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aimed to break the C2 symmetry of the propargylene intermediate. This approach explicitly reveals the transition 

from a long-lived to an osculating complex with increasing collision energy as found very recently for the 

reaction of atomic nitrogen with acetylene to a triplet HCCN isomer and atomic hydrogen [59] as the collision 

energy rises from 12.6 to 37.7 kJmor 1
: 

(12) 

The dynamics of the reaction oePj) with C2H2(X11:g+) were elucidated recently in our group [60] and 

depict two channels initiated via attack of the oxygen atom to both rr-orbitals of one acetylenic carbon to s-trans 

HCOHC on the 3 A" surface. This long lived intermediate either fragments directly to the ketenyl radical, 

HCCO(X2A"), and H or undergoes [1,2]-H-migration to triplet ketene prior to CH2(X
3Bi) and CO(X11:+) 

decomposition. As outlined in IV.B, a direct C-H bond rupture of s-trans propenediylidene to H and l-C3H is 

energetically not accessible, since the l-C3H had to rotate around its internuclear axis. The ketenyl radical, how-

ever, possesses a bent geometry in its electronic ground state, and A-like rotations can be excited as well. 

Further, a hydrogen shift from propenediylidene to triplet vinylidenecarbene could be covered, but the 

be opened up at collision energies up to 45.0 kJmor 1 applied in our experiments (Tab. 1). Likewise, a hydrogen 

shift similar to a [2,3]-H-rearrangement in propenediylidene to form propargylene would yield triplet hydroxy-

acetylene, but the keto-enol equilibrium is expected to favor the HCOHC keto structure. Finally, formation of a 

cyclic triplet oxirane collision complex might involve an entrance barrier resulting from electrostatic interaction 

of the doubly occupied p.::orbital with the closed shell acetylene molecule. Compared to cePj) + C2H2(X11:t) 

encounter, this p-orbital is vacant, and the electrostatic interaction is eliminated. 
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VI. ASTROPHYSICAL IMPLICATIONS 

The cyclic and linear C3H isomers have both been identified toward 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±<>.1 around the carbon star. Especially the circumstellar shell at distances between 

1014 and 1015 m contains a C2H2 as well as C(3Pj) reservoir [61], and formation of C3H via neutral-neutral 

reaction very likely takes place. Our results correlate qualitatively with these observations. Dark clouds hold 

typical averaged translational temperatures of 10 K, whereas circumstellar shells around carbon stars are heated 

up to about 4000 K. Since 10000 K are roughly equivalent to 100 kJmor 1
, this gives a mean translational energy 

of about 0.01 and 40 kJmor1 in dark clouds and outflow of carbon stars, respectively. Therefore, both isomers 

are expected to exist in dark, molecular clouds, but the [c-C3H]/[l-C3H] ratio should decrease in IRC+10216, as 

found in astronomical surveys, since less c-C3H should be produced as the averaged translational temperature 

increases. Therefore, a common acetylene precursor to interstellar c/l-C3H radicals via atom-neutral reaction 

with cePj) seems reasonable. 

VII. CONCLUSIONS 

The reaction between ground state carbon atoms, cePj), and acetylene, C2H2(X1Lg+), was studied at 

three average collision energies of 8.8, 28.0, and 45.0 k1mor1 using the crossed molecular beam technique. 

Reaction dynamics inferred from TOF spectra and LAB distributions combined with our ab initio calculations 

suggest two microchannels, initiated by addition of cePj) either to one carbon atom of the acetylene molecule 

yielding s-trans propenediylidene (microchannel 1) or two carbon atoms forming triplet cyclopropenylidene 

(microchannel 2) via loose transition states located at their centrifugal barriers. Propenediylidene rotates around 

its B/C axis and undergoes [2,3]-H-migration to propargylene, followed by C-H-bond cleavage via a symmetric 

exit transition state to l-C3H(X2TI112) +H. These dynamics supply a collision energy invariant, isotropic center-
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of-mass angular distribution as well as a weak L-L' correlation. A strongly forward scattered microchannel 2 

shows a significant L-L' correlation, but is quenched with rising collision energy. Its chemical dynamics 

involve a short-lived triplet cyclopropenylidene complex excited to A-like rotations which subsequently 

fragments to c-C3H(X2B2) and H through a loose transition state located 6- 12 kJmor1 above the products. 

The explicit identification of l-C3H(X2I1j) and c-C3H(X2B2) under single collision conditions represents 

a one-encounter pathway to build up hydrocarbon radicals in the interstellar medium and represents a more 

realistic synthetic route to interstellar C3H isomers than postulated ion-molecule reaction networks. Energy-

dependent branching ratios of the linear versus cyclic isomer correlate qualitatively with astronomical observati-

ons and explain the c-C3Hil-C3H ratio of one in the molecular cloud TMC-1, but a reduced value of 0.2 in out-

flow of the carbon star IRC+l0216. Hence a common acetylene precursor to interstellar c/l-C3H via atom neu-

tral reaction with atomic carbon seems highly likely. Further, the triplet C3H2 intermediates propadienylidene 

and cyclopropenylidene might resemble those C3H2 isomers trapped as singlet dimethylthioesters in oxidative 

acetylene flames [33] and suggests reactive intermediates in the CVD process to synthetic diamonds [31-32]. 
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Fig. 1. Schematic C2v and C_v structures of the c- and l-C3H isomer (1) and (2) as derived from microwave 

spectra. 

Fig. 2. Lower: Newton diagram for the reaction cePj) + C2H2(X1l:g+) at a collision energy of 8.8 kJmol"1
• The 

circle st~nds for the maximum center-of-mass recoil velocity of the C3H product in the CM reference frame. 

Upper: Laboratory angular distribution of C3H at rn/e = 37. Circles and 1cr error bars indicate experimental data, 

the solid lines the calculated distribution for the upper and lower carbon beam velocity (Tab. 1). C.M. 

designates the center-of-mass angle. The solid lines originating in the Newton diagram point to distinct 

laboratory angles whose TOFs are shown in Fig. 5. The dashed line denotes the experimentally determined 

signal cut-off at 35°. 

Fig. 3. Lower: Newton diagram for the reaction cePj) + C2H2(X1l:g+) at a collision energy of 28.0 kJmol"1
• The 

circle stands for the maximum center-of-mass recoil velocity of the C3H product in the CM reference frame. 

Upper: Laboratory angular distribution of C3H at rn/e = 37. Circles and 1cr error bars indicate experimental data, 

the solid lines the calculated distribution for the upper and lower carbon beam velocity (Tab. 1). C.M. 

designates the center-of-mass angle. The solid lines originating in the Newton diagram point to distinct 

laboratory angles whose TOFs are shown in Fig. 6. Dashed lines denote the experimentally determined signal 

cut-offs at 15 and 60°. 

Fig. 4. Lower: Newton diagram for the reaction cePj) + C2H2(X1l:g+) at a collision energy of 45.0 kJmor1
• The 

circles stand for the maximum center-of-mass recoil velocity of the C3H product in the CM reference frame 

from reaction of acetylene with C(1D2) (outer circle) and cePj) (inner circle). Upper: Laboratory angular 

distribution of C3H at rn/e = 37. Circles and 1 cr error bars indicate experimental data, the solid lines the sum of 

calculated distribution for the upper and lower carbon beam velocity from reaction of C( 1 D2) (dotted line) and 
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C(3Pj) (dashed line). C.M. designates the center-of-mass angle. The solid lines originating in the Newton 

diagram point to distinct laboratory angles whose TOFs are shown in Fig. 7. Dashed lines denote the 

experimentally determined signal cut-offs at 5 and 55°. 

Fig. 5. Time-of-flight data at in/e = 37 for indicated laboratory angles at a collision energy of 8.8 kJmor1
• Open 

circles represent experimental data, the solid line the fit. TOF spectra have been normalized to the relative 

intensity at each angle. 

Fig. 6. Time-of-flight data at m/e = 37 for indicated laboratory angles at a collision energy of 28.0 kJmor1
• Open 

circles represent experimental data, the solid line the fit. TOF spectra have been normalized to the relative 

intensity at each angle. 

Fig. 7. Time-of-flight data at m/e = 37 for indicated laboratory angles at a collision energy of 45.0 kJmor1
. Open 

circles represent experimental data, the solid line the fit. Dotted lines show the contribution of cctD2) and 

dashed lines of C(3Pj). TOF spectra have been normalized to the relative intensity at each angle. 

Fig. 8. Lower: Center-of-ma~s angular flux distributions for the reaction cePj) + C2H2(X1I:g+) at collision 

energies of 8.8 (dotted line), 28.0 (dashed line), and 45.0 kJmor 1 (solid line). Upper: Center-of-mass 

translational energy flux distributions for the reaction cePj) + C2H2(X1I:g+) at collision energies of 8.8 (dotted 

line), 28.0 (dashed line), and 45.0 kJmor 1 (solid line). 

Fig. 9. Contour flux map distribution for the reaction cePj) + C2H2(X1I:t) at a collision energy of 8.8 kJmor1
• 

Fig. 10. Contour flux map distribution for the reaction cePj) + C2H2(X 1I:g +) at a collision energy of 28.0 kJmor1
• 
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Fig. 11. Contour flux map distribution for the reaction C(3Pj) + C2H2(X 1I.g+) at a collision energy of 45.0 kJmor1
• 

Fig. 12. Ab initio structures on the triplet C3H2 and doublet C3H PES. Smaller sphere: carbon atom, larger 

sphere: hydrogen atom. Bond lengths are given in Table 3. (1) propargylene, (2) vinylidenecarbene, (3) cyclo

propenylidene, (4) propenediylidene, (5) linear propynylidyne, and (6) cyclopropynylidyne. Bond angles and 

lengths are listed in Table 3. 

Fig. 13. Schematic representation of the lowest energy pathways on the triplet C3H2 PES. 

Fig. 14. Schematic reaction pathways of C(3Pj) with C2H2(X
1I.g+) on the triplet surface. Upper: reaction to l-C3H 

via s-trans propadienylidene and propargylene. Lower: reaction to c-C3H via triplet cyclopropenylidene. 

Fig. 15. Schematic representation of sterical effects on the reaction C(3Pj) + C2H2(X1l:g+) with decreasing orbi

ting radii."c" denotes preferential attack to form cyclopropenylidene, and "1" propadienylidene. 
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Tab. 1: Experimental beam conditions and 10' errors averaged over the experimental time: most probable 

velocity v0, speed ratioS, most probable relative collision energy, Ecoii. center-of-mass angle, 6cM, composition 

of the carbon beam, and flux factor fv = n(C) * n(C2H2) * vr in relative units, with the number density of the ith 

reactant ni and the relative velocity vr. ?: no information available; see text for explanation. 

beam vo, ms -I s Ecoii. kJmor1 
6cM C,:C2:C3 fv 

C(3Pj)/Ne 1180± 54 6.0±0.5 8.8 ±0.4 57.8 ± 1.2 1:0.7:2.5 1.0 
cepi)/He 2463 ± 88 4.6±0.5 28.0± 2.0 37.3 ± 0.9 1:0.14:0.25 6.2±2.4 
C(3Pi)/He 3196 ± 106 2.6 ±0.5 45.0± 3.0 30.4 ± 0.8 ? ? 

C2H2 866±5 9.3 ± 0.6 

Tab. 2: Thermochemistry of the reaction C(3Pj) + C2H2(X1:Et). Enthalpies of formations were taken from 

reference [36] (reactions 3-6) and present ab initio calculations (reactions 1-2). 

# exit channel free reaction enthalpy at 0 K, 
~RH(O K), kJmor1 

1 c-C3H (X2B2) + H esin) -8.6 
2 l-C3H (X2IIu2) + H esin) -1.5 
3 C3 (X1:Eg+) + H2 (X1.Lg+) - 127.0 ± 5.0 
4 C3 (a3IIu) + H2 (X1.Lg+) + 73.5 ± 5.0 
5 C2H (X2:E+) + CH (X2II112) + 118.5 ± 15.0 
6 CH2 (X3B,) + C2 (X1:Eg+) + 267.0 ± 14.0 
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Tab. 3. Internal coordinates of ab initio equilibrium structures of triplet isomers. Parameters are designated as 

follows: 1 2 3 bend: angle 1, 2, 3, where 2 is the central atom; tors 1 2 3 4: torsion angle of 1 4 over the bond 2 

3; outp 1 2 3 4: out-of-plane angle of the bond 4 1 with respect to the plane 2 3 4. Angles are given in degrees, 

bond lengths in Angstrom. 

a) propargylene: 

4 3 
3 2 

4 2 3 
1 3 2 

4 3 1 5 

b) vinylidenecarbene: 

2 1 
2 3 
1 5 

4 5 1 

c) cyclopropenylidene: 

2 1 
1 3 
2 3 
2 4 
3 5 

4 3 2 
5 2 3 

4 3 1 2 
5 2 1 3 

d) s-trans propenediylidene: 

3 2 
2 1 
1 5 
2 4 

3 4 2 
2 5 1 
3 1 2 

bond length 
bond length 

bend 
bend 
tors 

bond length 
bond length 
bond length 

bend 

bond length 
bond length 
bond length 
bond length 
bond length 

bend 
bend 
outp 
outp 

bond length 
bond length 
bond length 
bond length 

bend 
bend 
bend 

1.067 
1.279 
156.5 
171.9 
-88.0 

1.369 
1.238 
1.081 
119.0 

1.449 
1.304 
1.551 
1.088 
1.073 
125.9 
141.1 
-46.1 
0.2 

1.349 
1.392 
1.079 
1.091 
117.1 
134.1 
121.2 
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