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The reaction between ground state carbon atoms, C~3Pj !, and acetylene, C2H2(X
1Sg

1), is studied at
three collision energies between 8.8 and 45.0 kJ mol21 using the crossed molecular beams
technique. Product angular distributions and time-of-flight spectra of C3H atm/e537 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 kJ mol21, and isotropic at 45.0 kJ mol21. Reaction dynamics inferred from the
experimental data andab 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-transpropenediylidene or to two carbon atoms to yield triplet cyclopropenylidene via loose
transition states located at their centrifugal barriers. Propenediylidene rotates around itsB/C axis
and undergoes@2,3#-H-migration to propargylene, followed by C–H bond cleavage via a symmetric
exit transition state tol -C3H(X

2P j ) and H. Direct stripping dynamics contribute to the
forward-scattered second microchannel to formc-C3H(X

2B2) and H. This contribution is quenched
with rising collision energy. The explicit identification ofl -C3H(X

2P j ) andc-C3H(X
2B2) 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 IRC110216 ~'0.2! via the atom-neutral reaction C(3Pj )1C2H2(X

1Sg
1). © 1997
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I. INTRODUCTION

Linear and cyclic C3H, i.e., propynylidyne~l -C3H! and
cyclopropynylidyne~c-C3H!, Fig. 1, are ubiquitous in the
interstellar medium~ISM! and hold high fractional abun
dances up to 1029 relative to atomic hydrogen.l -C3H was
detected in 1985 by Thaddeuset al.via microwave spectros
copy toward the dark Taurus molecular cloud 1~TMC-1! and
the carbon star IRC110216.1,2 Two years later, Yamamoto
et al.3 identified rotational transitions of the cyclic isomer
TMC-1 prior to laboratory synthesis via radio frequency d
charge of He/CO/C2H2 mixtures. Interstellar reaction ne
works postulate their formation via successive ion–molec
reactions, radiative associations, and dissociative recomb
tions ~reactions 1–44–6 or reactions 5–77!:

C2H21C1→ l /c-C3H
11H, ~1!

l /c2C3H
11H2→c-C3H3

11hn, ~2!

l /c2C3H3
11e2→ l /c-C3H12H, ~3!

→ l /c-C3H1H2, ~4!

C2H41C1→c2C3H3
11H ~5!

a!Present address: Academia Sinica, Nankang, Taipei, 11529, Taiwan.
J. Chem. Phys. 106 (5), 1 February 1997 0021-9606/97/106(5)/1
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→ l /c-C3H2
11H2 ~6!

l /c2C3H2
11e→ l /c-C3H1H. ~7!

Very recently, however, crossed molecular beam re
tions of atomic carbon in its3Pj electronic ground state with
acetylene~reaction 88!, ethylene~reaction 99!, and methyl-
acetylene~reaction 1010! established the carbon–hydroge
exchange channel to tricarbon hydride, the propargyl radi
and butatrienyl/a-ethinylvinylidene as an alternative path
way to synthesize neutral species:

C~3Pj !1C2H2→C3H1H, ~8!

C~3Pj !1C2H4→ l -C3H31H, ~9!

C~3Pj !1CH3CCH→n-C4H31H. ~10!

Although our preliminary studies on the C~3Pj !/C2H2 system
could not identify the C3H isomer,8 this mechanism opens
versatile route to form extremely reactive hydrocarbon ra
cals via atom-neutral reactions under single collision con
tions in the ISM and does not require reaction chains
successive binary encounters under interstellar condit
with reactant number densities as low as 1024 cm23.

Despite the key role of the C3H system in understanding
the competition between ion–molecule reactions and at
1729729/13/$10.00 © 1997 American Institute of Physics
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1730 Kaiser et al.: Reaction of carbon with hydrocarbons. III
neutral chemistry in the ISM, the C3H potential energy sur-
face ~PES! is poorly characterized.c-C3H in its 2B2 elec-
tronic ground state holds the global minimum and resemb
a prolate asymmetric top ofC2v symmetry with rotational
constants A51.48 cm21, B51.1 cm21, and C50.64
cm21.11–18The unpaired electron is delocalized over the c
bon skeleton as reflected in almost identical carbon–car
bond lengths ofr ~C–CH!51.3739 Å, andr ~C–C!51.3771
Å determined via microwave spectra, as well as the ne
uniform p-character of theA-axis based carbon atom o
31.8% versus a 20.4% contribution from the two symme
C atoms.19 This electron delocalization gives rise to a sp
orbit splitting of 0.32 kJ mol21.19 The presence of a low
lying excited A2A1 electronic state about 120 kJ mol21

above the ground state induces a pseudo Jahn–Teller e
but its magnitude is not strong enough to distort the car
skeleton to a reducedCs symmetry.

20

The linear isomer in its doubly degenerate2P1/2 elec-
tronic ground state was thought to be 1.3–28.2 kJ mol21 less
stable thanc-C3H.

21–24Laboratory as well as interstellar m
crowave spectra indicate thatl -C3H belongs to theC}v point
group and has a rotational constantB50.37 cm21.21–24Spin-
orbit coupling is less efficient in this system as compared
the cyclic one, and the2P3/2 state is separated by only 0.1
kJ mol21 from the true electronic ground state.21–24In strong
contrast toc-C3H, the unpaired electron is predominant
confined to 90% to thep atom orbital of the terminal carbo
atom, and delocalized to only 10% over ap molecular or-
bital ~MO!.21–24Distinct carbon–carbon lengths ofr ~HC–C!
51.2539 Å andr ~HCC–C!51.3263 Å support this finding
Further, the C–H distance of 1.0171 Å is shorter than
typical acetylenic carbon–hydrogen bond with 1.0605 Å a
is interpreted in terms of a large amplitude motion of t
doubly degeneraten4-CCH bending mode. Due to then4 in-
teraction with theX 2P1/2 state ~Renner–Teller effect!, its
vibration energy ranges only 0.3 kJ mol21 above theX 2P1/2
state.23,24

Previous mechanistic information on the C~3Pj !/C2H2
system were derived from bulk experiments at 293 K25 and
indicate the reaction proceeds within orbiting limit, i.e.,
dominating C6 dispersions interaction term and chemical d
namics invariant with respect to the C2H2 geometry.

26 Herbst
et al.27 reproduced Husainet al.’s25 rate constant with the
orbiting framework assuming only one third of the trajec
ries lead to products. This conclusion correlates with Ta
hashi and Yamashita’sab initio calculations and sugges

FIG. 1. SchematicC2v andC`v structures of thec- and l -C3H isomer~1!
and ~2! as derived from microwave spectra.
J. Chem. Phys., Vol. 106,
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that the initially triply degenerate surface splits into one
tractive and two repulsive ones as the reactants approa28

Reaction products were first identified via a crossed be
study of ~8! under single collision conditions as tricarbo
hydride, C3H, and atomic hydrogen.8

In this paper, we extend our preliminary investigatio
on the C~3Pj !/C2H2 system and elucidate the energy depe
dent chemical dynamics of the atom-neutral react
C~3Pj !/C2H2(X

1Sg
1) under single collision conditions a

collision energies between 8.8 and 45.0 kJ mol21. The direct
measurement of product velocity and angular distributio
identify the primary reaction channel~s! and acquire dynami-
cal information on elementary steps of the reaction. State
the-artab initio calculations on the doublet C3H and triplet
C3H2 surfaces supplement our experimental data~compare
Refs. 29–30!. Together they reveal possible reaction pa
ways to interstellar C3H isomers, C3H radicals postulated in
chemical vapor deposition~CVD! processes to syntheti
diamonds,31,32 as well as trapped C3H2 intermediates in
C2H2/O2 flames.

33

II. EXPERIMENTAL SETUP AND DATA ANALYSIS

Since atomic carbon is tetravalent in closed shell m
ecules, formation of chemically stable species in the v
first encounter is highly unlikely, and experiments must
performed under single collision conditions to identify th
primary reaction products. These requirements are achie
here using a universal crossed molecular beam apparatu
scribed in Ref. 34 in detail. A pulsed supersonic carb
beam was generated via laser ablation of graphite at
nm.35 The 30 Hz, 35–40 mJ output of a Spectra Phys
GCR-270-30 Nd:YAG laser is focused onto a rotating c
bon rod. Ablated carbon atoms are seeded into neon or
lium carrier gas released by a Proch–Trickl pulsed va
operating at 60 Hz and 80ms pulses with 4 atm backing
pressure. This setup generates C~3Pj ! within the velocity re-
gime 800–3000 ms21,35 C(3Pj /

1D2) between 3000 and 330
ms21,36 and solely C~1D2! in the free ablation mode yielding
velocities between 3300 and 5500 ms21.36 A four slot chop-
per wheel selects a 7.0ms segment of the seeded carb
beam. Table I compiles the experimental beam conditio
The carbon beam at 45.0 kJ mol21 contains contributions of
C~1D2! atoms, whose reaction dynamics are the subject o
forthcoming article. Since excited electronic state of C2 and
C3 are expected as well, but no fragmentation patterns
available, the composition of the carbon beam as well as
flux factor are extremely speculative at this collision ener
and are therefore excluded from Table I.

The pulsed carbon and a continuous acetylene beam
550612 Torr backing pressure pass through skimmers
cross at 90° in the interaction region of the scattering cha
ber. Products were detected in the plane of the beams us
rotable quadrupole mass spectrometer with electron-imp
ionizer at different laboratory angles steps between 5.0°
60.0° with respect to the carbon beam. Time-of-flight spec
~TOF! were recorded choosing a channel width of 7.5ms.
The velocity of the supersonic carbon beam was monito
No. 5, 1 February 1997
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TABLE I. Experimental beam conditions and 1s errors averaged over the experimental time: most proba
velocity v0, speed ratioS, most probable relative collision energy,Ecoll , center-of-mass angle,uCM , composi-
tion of the carbon beam, and flux factorf v5n~C!*n~C2H2!*v r in relative units, with the number density of th
i th reactantni and the relative velocityv r ?: no information available; see text for explanation.

Beam v0, ms
21 S Ecoll ~kJ mol21! uCM C1:C2:C3 f v

C~3Pj !/Ne 1180654 6.060.5 8.860.4 57.861.2 1:0.7:2.5 1.0
C~3Pj !/He 2463688 4.660.5 28.062.0 37.360.9 1:0.14:0.25 6.262.4
C~3Pj !/He 31966106 2.660.5 45.063.0 30.460.8 ? ?
C2H2 86665 9.360.6 ••• ••• ••• •••
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and
frequently and minor velocity drifts corrected by adjusti
the laser pulse delay within61.0ms. To calibrate fluctuating
carbon beam intensities and mass dial settings at the qua
pole controller, reference angles were chosen at 60.0°~8.8
kJ mol21!, 37.5°~28.0 kJ mol21!, and 30.0°~45.0 kJ mol21!.

Kinematic information are extracted by fitting the TO
spectra and the product angular distribution in the labora
frame using a forward-convolution routine.37 This iterative
approach initially guesses the angular flux distributionT~u!
and the translational energy flux distributionP(ET) in the
center-of-mass system~CM! assuming mutual independenc

FIG. 2. Lower: Newton diagram for the reaction C~3Pj !1C2H2(X
1Sg

1) at a
collision energy of 8.8 kJ mol21. The circle stands for the maximum cente
of-mass recoil velocity of the C3H product in the CM reference frame
Upper: Laboratory angular distribution of C3H atm/e537. Circles and 1s
error bars indicate experimental data, the solid lines the calculated dist
tion of the upper and lower carbon beam velocity~Table I!. C.M. designates
the center-of-mass angle. The solid lines originating in the Newton diag
point to distinct laboratory angles whose TOFs are shown in Fig. 5.
dashed line denotes the experimentally determined signal cutoff at 35°
J. Chem. Phys., Vol. 106,
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Laboratory TOF spectra and the laboratory angular distri
tions ~LAB ! are then calculated from theseT~u!’s and
P(ET)’s convoluted over the apparatus functions to obt
simulations of the experimental data.

III. AB-INITIO CALCULATIONS

All ab initio results presented in this paper have be
computed at the CCSD~T! level ~single- and double-
excitation coupled cluster with a perturbational estimate
triple excitations!,38–41 based on unrestricted Hartree–Fo
~UHF! wave functions. The ACES II program package w

u-

m
e

FIG. 3. Lower: Newton diagram of the reaction C~3Pj !1C2H2(X
1Sg

1) at a
collision energy of 28.0 kJ mol21. The circle stands of the maximum cente
of-mass recoil velocity of the C3H product in the CM reference frame
Upper: Laboratory angular distribution of C3H atm/e537. Circles and 1s
error bars indicate experimental data, the solid lines the calculated dist
tion for the upper and lower carbon beam velocity~Table I!. C.M. desig-
nates the center-of-mass angle. The solid lines originating in the New
diagram point to distinct laboratory angles whose TOFs are shown in Fig
Dashed lines denote the experimentally determined signal cut-offs at 15
60°.
No. 5, 1 February 1997
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1732 Kaiser et al.: Reaction of carbon with hydrocarbons. III
used.42–44 Stability of the zeroth-order self-consistent fie
~SCF! wave functions44 has been checked, and spin contam
nation occurring in the SCF wave function~typically 2.40 for
^S2& in triplet states of C3H2! is mostly eliminated within the
coupled cluster scheme. All structures were fully optimiz
at the CCSD~T! level. To characterize stationary points~lo-
cal minima or saddle points!, vibrational frequencies hav
been calculated numerically within the harmonic approxim
tion using analytic CCSD~T! gradients. Geometries, vibra
tional frequencies, as well as zero-point energies have b
computed for all isomers using a triple-zeta plus polarizat
basis set ~TZP!45 ~H: (5s1p)/[3s1p]; C: (10s6p1d)/
[6s3p1d] !. Energy differences were obtained by sing
point calculations with a quadruple-zeta double polarizat
~QZ2P!45 basis ~H: (7s2p1d)/[4s2p1d]; C: (11s7p2d
1 f )/[6s4p2d1 f ] ! at the UCCSD~T!/TZP geometries. For
some of the reaction energies a cc-pVQZ basis was u
~H: (6s3p2d1 f )/[4s3p2d1 f ]; C: (12s6p3d2 f1g)/
[5s4p3d2 f1g] !.46 This approach is expected to yield sta
dard reaction enthalpies with an accuracy of about 1

FIG. 4. Lower: Newton diagram for the reaction C~3Pj !1C2H2(X
1Sg

1) at a
collision energy of 45.0 kJ mol21. 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 C~3Pj ! ~inner
circle!. Upper: Laboratory angular distribution of C3H atm/e537. Circles
and 1s error bars indicate experimental data, the solid lines the sum
calculated distribution for the upper and lower carbon beam velocity fr
reaction of C~1D2! ~dotted line! and C~3Pj ! ~dashed line!. C.M. designates
the center-of-mass angle. The solid lines originating in the Newton diag
point to distinct laboratory angles whose TOFs are shown in Fig. 7. Das
lines denote the experimentally determined signal cutoffs at 5° and 55
J. Chem. Phys., Vol. 106,
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kJ mol21. The systematicab initio investigations of the trip-
let C3H2 and doublet C3H systems are described elsewhere
detail,30 where methodical aspects, energies, energy diff
ences, geometries, and vibrational frequencies are discus
extensively. Here, we focus on results necessary to supp
ment our experimental data.

IV. RESULTS

A. Reactive scattering signal

Reactive scattering signal was only observed atm/e
537, i.e., C3H, cf. Figs. 2–7 and Table II. TOF spectra
recorded atm/e536 show identical patterns indicating tha
the energetically accessible, but spin forbidden channel 3
closed. Endothermic exit channels 4–6 could not be open
at relative collision energies applied here. Additionally, n
radiative association to C3H2 at m/e550 or higher masses
were observed.

B. Laboratory angular distributions (LAB) and TOF
spectra

Figures 2–4 display the most probable Newton diagram
of the title reaction as well as the laboratory angular~LAB !

f

m
d

FIG. 5. Time-of-flight data atm/e537 for indicated laboratory angles at a
collision energy of 8.8 kJ mol2. Open circles represent experimental data
the solid line the fit. TOF spectra have been normalized to the relat
intensity at each angle.
No. 5, 1 February 1997
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1733Kaiser et al.: Reaction of carbon with hydrocarbons. III
distributions of the C3H product at collision energies of 8.8
28.0, and 45.0 kJ mol21. At the lowest applied collision en-
ergy, the LAB distribution peaks at 50.0°, slightly forwar
scattered with respect to the center of mass~CM! angle at
57.9°. As increased to 28.0 and 45.0 kJ mol21, the fits of
both LAB distributions originating from the C~3Pj ! compo-
nent reveal maxima at the CM angles of 37.3° and 30.
respectively. Since the enthalpies of formation of both C3H
isomers differ by about 7.5 kJ mol21, c.f. Sec. V A, the dif-
ferentiation ofc-C3H versusl -C3H based solely on limiting
circles is not possible. However, the dashed lines originat
in the Newton diagrams support the correct order-
magnitude of the calculated reaction enthalpy even wit
the velocity spreads, since no reactive scattering signal
detected outside the thermodynamical limit. Further, the n
row range of the laboratory angular distribution of only 45.
and the mass ratio of both departing C3H and H fragments
~37:1! suggest that the averaged translational energy rele
^ET& is small as confirmed in ourab initio calculations of the
reaction exothermicities, Table II. In addition, all center-o
mass translational energy distributionsP(ET)s are expected
to peak near zero indicating a loose exit transition state fr
the decomposing C3H2 complex~es! to the products.

FIG. 6. Time-of-flight data atm/e537 for indicated laboratory angles at
collision energy of 28.0 kJ mol21. Open circles represent experimental da
the solid line the fit. TOF spectra have been normalized to the rela
intensity at each angle.
J. Chem. Phys., Vol. 106,
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C. Center-of-mass translational energy distributions,
P(ET)

Figure 8 presents the translational energy distributio
P(ET) and angular distributionsT~u! in the center-of-mass
frame of the reaction C~3Pj !1C2H2(X

1Sg
1)→C3H1H. Best

fits of TOF and LAB distributions were gained withP(ET)s
extending to a maximum translational energy releaseEmax of
20 kJ mol21 ~Ecoll58.8 kJ mol21!, 43 kJ mol21 ~Ecoll528.0
kJ mol21!, and 57 kJ mol21 ~Ecoll545.0 kJ mol21!. Further,
the most probable translational energy yields the order-
magnitude of the barrier height in the exit channel. As e
pected from the LAB distributions, allP(ET)s peak near
zero, here between 5 and 16 kJ mol21. These findings sug-
gest a nearly simple bond-rupture process via a loose
transition state and a minor electron density reorganizat
from the decomposing C3H2 complex to the products. Fi-
nally, the average translational energy release obtained
8.063.0 kJ mol21 atEcoll58.8 kJ mol21, 17.062.0 kJ mol21

at Ecoll528.0 kJ mol21, and 23.064.0 kJ mol21 at
Ecoll545.0 kJ mol21.

,
e

FIG. 7. Time-of-flight datam/e537 for indicated laboratory angles at a
collision energy of 45.0 kJ mol21. Open circles represent experimental dat
the solid line the fit. Dotted lines show the contribution of C~1D2! and
dashed lines of C~3Pj !. TOF spectra have been normalized to the relati
intensity at each angle.
No. 5, 1 February 1997
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1734 Kaiser et al.: Reaction of carbon with hydrocarbons. III
D. Center-of-mass angular distributions, T(u)

As the collision energy increases, theT~u!s show a de-
creasing total fraction of forward scattering from 27.063.0%
~8.8 kJ mol21! via 7.063.0% ~28.0 kJ mol21! to an isotropic
distribution at 45.0 kJ mol21 ~Fig. 8!. In strong coincidence
the intensity ratio ofT~u! at u50° to 180° drops from 2.6
60.3 via 1.260.2 to 1.0 with rising collision energy. Thes
data eliminate an osculating complex as discussed in Re
and 10, but rather indicate two distinct microchannels. T
first one is strongly forward scattered with respect to
carbon beam and shows a significant correlation of the in
and final orbital angular momentumL andL 8 perpendicular
to the initial and final relative velocity vectorsv andv8. As
the collision energy rises, this contribution is quenched. T
collision energy invariant forward–backward symmet
T~u! shape of the weakly polarized and isotropic microch
nel 2 is either induced by a long-lived complex behavior
the decomposing C3H2 intermediate holding a lifetime longe
than its rotational period47,48or alternatively via a symmetric
C3H2 intermediate giving rise to a symmetric exit transitio
state.9,10 Its weak polarization results from total angular m
mentum conservation and angular momentum disposa
discussed previously.9,10 Since C2H2 is prepared in a super
sonic expansion and the rotational state distribution peak
only 2\ at a typical rotational temperature of 20–30 K,
classical treatment defines the total angular momentumJ to

J5L 81 j 8'L ~11!

with the rotational angular momentum of the C3H productj 8.
The maximum initial orbital angular momentumLmax can be

TABLE II. Thermochemistry of the reaction C~3Pj !1C2H2(X
1Sg

1). En-
thalpies of formations were taken from Ref. 36~reactions 3–6! and present
ab initio calculations~reactions 1–2!.

No. Exit channel
Free reaction enthalpy at 0 K,

DRG ~0 K!, kJ mol21

1 c-C3H (X 2B2)1H~2S1/2! 28.6
2 l -C3H~X 2P1/2!1H ~2S1/2! 21.5
3 C3 (X

1Sg
1)1H2(X

1Sg
1) 2127.065.0

4 C3 (a
3Pu)1H2(X

1Sg
1) 173.565.0

5 C2H ~X 2S1!1CH~X 2P1/2! 1118.5615.0
6 CH2 (X

3B1)1C2(X
1Sg

1) 1267.0614.0
J. Chem. Phys., Vol. 106,
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approximated referring to bulk experiments which indica
the title reaction proceeds within orbiting limits.25 Therefore,
we calculate the maximum impact parameterbmax leading to
reaction to bmax~8.8 kJ mol21!53.6 Å, bmax~28.0
kJ mol21!52.7 Å, andbmax~45.0 kJ mol21!52.5 Å, and the
maximum orbital angular momentumLmax to Lmax~8.8
kJ mol21!56563\, Lmax~28.0 kJ mol21!59564\, and
Lmax~45.0 kJ mol

21!511165\. Further, an upper limit ofL8
is estimated by choosing exit impact parameters to typ
dimensions in feasible decomposing C3H2 complexes be-
tween 1.0 and 1.5 Å, cf. Sec. V A. This procedure yiel
L8~8.8 kJ mol21!,10\, L8~28.0 kJ mol21!,15\, and
L8~45.0 kJ mol21!,22\. Since L8,0.18 L, L and L 8 are
poorly coupled, and most of the total angular moment
channels into rotational excitation of the C3H product on
average to result in weakly polarizedT~u!s.

FIG. 8. Lower: Center-of-mass angular flux distributions for the react
C~3Pj !1C2H2(X Sg

1) at collision energies of 8.8~dotted line!, 28.0~dashed
line!, and 45.0 kJ mol21 ~solid line!. Upper: Center-of-mass translationa
energy flux distributions for the reaction C~3Pj !1C2H2(X

1Sg
1) at collision

energies of 8.8~dotted line!, 28.0 ~dashed line!, and 45.0 kJ mol21 ~solid
line!.
FIG. 9. Contour flux map distribution for the reaction C~3Pj !1C2H2(X
1Sg

1) at a collision energy of 8.8 kJ mol21.
No. 5, 1 February 1997
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FIG. 10. Contour flux map distribution or the reaction C~3Pj !1C2H2(X
1Sg

1) at a collision energy of 28.0 kJ mol21.
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E. Flux contour maps and total relative cross sections

Figures 9–11 show the center-of-mass flux contour m
I (u,ET);T(u)*P(ET) at all three collision energies. As ex
pected from theT~u!s, the forward peaking of the produc
flux with respect to the carbon beam on the relative veloc
vector decreases as the relative collision energy incre
and leads ultimately to a forward–backward symmetry
45.0 kJ mol21. Integrating this flux distribution overu, w,
ET , and correcting for the reactant flux as well as relat
reactant velocity~Table I!, we find a ratio of the relative
cross section of s ~8.8 kJ mol21!/s~28.0
kJ mol21!53.561.4. This dropping cross section with in
creasing collision energy correlates qualitatively with d
cussed bulk experiments.25 Since no reaction channel tom/e
536 is involved, the deviation from the simple captu
process@s~8.8 kJ mol21!/s~28.0 kJ mol21!#capture51.360.1
strongly indicates sterical effects when the orbiting radii f
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 c
section atEcoll545.0 kJ mol21.

V. DISCUSSION

Ab initio calculations on the C~3Pj !/C2H2 system greatly
facilitate the understanding of the chemical dynamics, if
anticipatedT~u!s andP(ET)s are successively derived from
distinct energetically accessible C3H2 reaction intermediates
and compared with the actual experimental results. Since
triplet C3H2 intermediate fulfills requirements of intersyste
crossing,49,50 the discussion is limited to the triplet surfac
We demonstrate that C~3Pj ! interacts in the primary encoun
ter with two acetylenic carbons to cyclopropenylidene~mi-
crochannel 1! and with one carbon atom to trans propen
diylidene ~microchannel 2!. Propenediylidene undergoe
J. Chem. Phys., Vol. 106,
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@2,3#-H-migration to propargylene, followed by decompos
tion to l -C3H and atomic hydrogen, whereas cycloprop
nylidene fragments toc-C3H and H.

A. The triplet C 3H2 ab initio potential energy surface

Propargylene, hereafter HCCCH, in itsX 3B state holds
the global minimum on the triplet C3H2-PES with an en-
thalpy of formationDHf

° ~0 K!5553.1 kJ mol21,51 Figs. 12
and 13 and Table III. The internal coordinates depict
carbon–carbon distance of 1.28 Å almost halfway betwee
typical double~1.34 Å! and triple~1.20 Å! bond as well as a
C–C–Cchain deviating by only 8.1° from linearity. Thes
data and the torsion angle of both H atoms of 88.0° give r
to a C2 symmetry of the 1,3 diradical and correlate wi
Seburg and co-workers’ experimental FTIR assignment
13C substituted propargylene in argon matrices at 8 K.52

A second isomer, vinylidenecarbene H2CCC, possesse
C2v symmetry in the lowest tripleta

3B1 state. The carbon–
carbon lengths alternate with 1.24 Å~terminal to central! and
1.37 Å and characterize the terminal H2CC group as olefini-
clike. This interpretation gains support from a C–H distan
of 1.08 Å slightly shorter than in ethylene~1.10 Å! and a
HCH angle of 119° versus 117.5° in the C2H4 molecule. The
enthalpy of formation of vinylidenecarbeneDHf

° ~0 K!
5688.0 kJ mol21 stands in excellent agreement with a rece
experimental value of 668630 kJ mol21 calculated from
DHf

° of singlet vinylidenecarbene via bond dissociation
the propargyl radical plus the singlet–triplet gap of v
nylidenecarbene as studied from the photoelectron spec
of the propadienylidene anion.53

Cyclopropenylidenec-C3H2 ~a 3A electronic state, C1
point group! ranks atDHf

° ~0 K!5725.5 kJ mol21. Three
carbon and one hydrogen atom span almost a plane wit
0.2° out-of-plane angle of the H atom with respect to the3
ring, whereas the second hydrogen atom is bent 46.1°
of-plane. The carbon–carbon distances strongly altern
FIG. 11. Contour flux map distribution for the reaction C~3Pj !1C2H2(X
1Sg

1) at a collision energy of 45.0 kJ mol21.
No. 5, 1 February 1997
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1736 Kaiser et al.: Reaction of carbon with hydrocarbons. III
among 1.55 Å~aliphatic!, 1.45 Å ~aliphatic to olefinic!, and
1.30 Å ~olefinic!, whereas the C–H lengths range betwe
1.07 and 1.09 Å.

Another isomer, triplet s-trans propenediylidene,
CHCCH,54 ~Cs symmetry;

3A9 electronic state! lies addition-

FIG. 12. Ab initio structures on the triplet C3H2 and doublet C3H PES.
Smaller sphere: carbon atom, larger sphere: hydrogen atom. Bond le
are given in Table III.~1! propargylene,~2! vinylidenecarbene,~3! cyclo-
propenylidene,~4! propenediylidene,~5! linear propynylidyne, and~6! cy-
clopropynylidyne. Bond angles and lengths are listed in Table III.

FIG. 13. Schematic representation of the lowest energy pathways on
triplet C3H2 PES.
J. Chem. Phys., Vol. 106,

Downloaded¬12¬May¬2006¬to¬128.171.55.146.¬Redistribution¬subject
n

ally 78.4 kJ mol21 higher in energy givingDHf
° ~0 K!5803.9

kJ mol21. As evident from the 1.35 Å~terminal to central!
and 1.39 Å carbon–carbon bond lengths, thep-electron is
delocalized over the carbon skeleton. A triplets-cis isomer
as found by Yamashitaet al.28 could not be confirmed even
at our highest level of theory.

B. Reaction pathways to l - and c -C3H

The schematic energy level diagram in Fig. 13 sho
three theoretically feasible, prompt reaction pathways. Ins
tion of C~3Pj ! in the C–H bond of an acetylene molecu
leads to triplet propargylene, whereas addition of the elec
phile carbon atom to carbon centers onC1 andC2 atoms in
C2H2 forms triplet cyclopropenylidene. The final pathway
triplet s-transpropenediylidene involves attack of two pe
pendicular C~3Pj !-p-orbitals to both perpendicularp-MOs
on C1, which might undergo consecutive@2,1#-H-migration
to vinylidenecarbene, subsequent@2,3#-H-migration to prop-
argylene, ring closure to cyclopropenylidene, or aC2–H
bond rupture tol -C3H. In addition, vinylidenecarbene migh
fragment viaC1–H cleavage tol -C3H~X 2P1/2! or show
@3,1#-H-migration to propargylene, which itself yield
l -C3H~X 2P1/2! by C1–H or C3–H bond rupture. Finally,
cyclopropenylidene can decompose directly toc-C3H
(X 2B2) and H.

1. The isotropic microchannel

The requirement of a symmetric exit transition state co
fines decomposing complexes to vinylidene-carbene or p
pargylene. Cyclopropenylidene as well astrans-
propenediylidene can be excluded from further discuss
since no symmetry element allows a symmetric H at
emission inu andu-p to account for the forward–backwar
symmetry ofT~u!. If vinylidenecarbene existed, the decom
posing complex rotated around the C2 figure axis and formed
exclusively l -C3H(X

2P j ). The linear isomer would be ex
cited to rotations around its internuclear axis, but due to
vanishing moment of inertia, this rotation is energetically n
accessible. Even accounting for the Renner–Teller ef
contributes only to a quasilinear molecule, since the PES
very flat.23,24,30Therefore, the symmetric exit transition sta
results from rotation of the triplet propargylene compl
around the C2 axis. Due to the weakL2L 8 coupling, our
experiments cannot distinguish between an oblate and
late exit transition state. However, future experiments pr
ing theL-doublet population might resolve this puzzle.

The remaining question to be solved is the reaction pa
way to triplet propargylene itself, i.e., an insertion proce
versus addition and subsequent hydrogen migration. In
tion of C~3Pj ! into the acetylenic C–H bond can be ruled ou
since only a small range of impact parameters less than
Å would contribute to the reactive scattering signal. On t
other hand, bulk experiments as well as our studies indica
dominating capture process with impact parameters as l
as 3.6, 2.7, and 2.5 Å. Further, this process resembles a s
metry forbidden reaction and is expected to involve a sign
cant entrance barrier much larger than our lowest collis

ths

he
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Downloaded¬12¬M
TABLE III. Internal coordinates ofab initio equilibrium structures of triplet isomers. Parameters are design
as follows: 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, bon
lengths in Angstrom.

a! propargylene:
4 3 bond length 1.067
3 2 bond length 1.279
4 3 2 angle 156.5
1 2 3 angle 171.9
4 3 1 5 tors 88.0

b! vinylidenecarbene:
2 1 bond length 1.369
2 3 bond length 1.238
1 5 bond length 1.081
4 1 5 angle 119.0

c! cyclopropenylidene:
2 3 bond length 1.448
1 3 bond length 1.304
1 2 bond length 1.551
2 4 bond length 1.088
1 5 bond length 1.073
4 2 1 angle 125.9
5 1 2 angle 141.1
4 3 1 2 outp 46.1
5 2 1 3 outp 0.2

d! s-transpropenediylidene:
3 2 bond length 1.349
2 1 bond length 1.392
1 5 bond length 1.079
2 4 bond length 1.092
3 2 4 angle 117.1
2 1 5 angle 134.1
3 2 1 angle 121.2
to
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energy of 8.8 kJ mol21. In strong analogy, C~3Pj ! reaction
with methylacetylene exhibits no evidence of insertion in
the acetylenic C–H bond.10

Alternatively, an interaction of two perpendicula
C~3Pj !-p-AOs with two acetylenep-MOs under initialCs

symmetry on the3A8 surface forms a carbon–carbons as
well as p-bond to s-trans propenediylidene. This pathwa
involves a maximum orbital overlap and opens a large ra
of impact parameters for reactive encounters.10 A subsequent
@2,3#-H-migration ins-transpropenediylidene yields propar
gylene which must rotate around its C2 figure to explain the
isotropic, forward–backward symmetricT~u!. Therefore, no
symmetry element is conserved during the reaction and
initial Cs approach symmetry is reduced to C1. Hence, the
J. Chem. Phys., Vol. 106,

ay¬2006¬to¬128.171.55.146.¬Redistribution¬subject
e

e

reaction proceeds on the3A surface to yieldl -C3H(X
2P j )

and H~2S1/2! via C–H bond rupture.
This ideal initial Cs approach symmetry to propene

diylidene preserves theC–C–Cplane as a symmetry ele
ment. Since the initial orbital angular momentum becom
the total angular momentum of the initially formed collisio
complex,s-transpropenediylidene rotates in a plane almo
perpendicular toL around itsC axis. A slight off-plane ap-
proach of the carbon atom toward acetylene under C1 sym-
metry can exciteB rotations as well. Unfortunately, exper
mental data cannot prove thes-trans structure of the
propenediylidene isomer explicitly. But similar reactions
C2H2 with CH3

54 and H55 lead solely to intermediates in
which the former acetylenic hydrogen atoms are loca
No. 5, 1 February 1997
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1738 Kaiser et al.: Reaction of carbon with hydrocarbons. III
trans to each other, and the reaction proceeds very lik
through thes-transisomer.

2. The forward-scattered microchannel

The strongly forward-scattered microchannel 2 exhib
a strongL2L 8 correlation and requires that the incorporat
carbon atom and the leaving hydrogen must be located
opposite sites of the rotation axis in the decomposing trip
C3H2 complex. This condition alone limits potential frag
menting triplet complexes to propenediylidene rotati
around itsA axis, propargylene~A/C-like rotations!, cyclo-
propenylidene~A/C-like rotations!, and vinylidenecarbene
~B-like rotations!. Since the reaction follows direct, strippin
dynamics and theT~u!s strongly peak atu500, a large range
of impact parameters contribute to the reactive scatte
signal.26 Therefore, C~3Pj ! insertion into the acetylenic C–H
bond to propargylene can be excluded as well; the absenc
insertion intermediates in reaction~10! was already outlined
in the previous paragraph. Therefore, microchannel 2 ha
proceed via propadienylidene or cyclopropenylidene.

The deviation of the energy dependent relative cross
tions at 8.8 and 28.0 kJ mol21 from the classical capture
theory resolves the reaction dynamics. Although the deta
structure of the molecule does not play a role within t
simple capture framework, chemical forces must be ta
into account, if the capture radius is on the order of the v
der Waals dimensions of the acetylene molecule. This le
to an alteration of the simple orbiting picture and focusses
the electronic structure of the acetylene molecule. As

FIG. 14. Schematic reaction pathways of C~3Pj ! with C2H2(X
1Sg

1) on the
triplet surface. Upper: reaction to 12C3H via s-transpropadienylidene and
propargylene. Lower: reaction toc-C3H via triplet cyclopropenylidene.
J. Chem. Phys., Vol. 106,
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orbiting radius decreases with rising collision energy, re
tive encounters from radii exceeding the symmetricp-cloud
to form cyclopropenylidene, Fig. 15, become more and m
unlikely, and are shifted toward orbits in which thep-cloud
can be attacked sideways to yield preferentially the prope
diylidene isomer. This model explains a decreasing cr
section and hence forward peaking center-of-mass ang
distribution as the collision energy rises and further und
lines the geometry limited formation of the tripletc-C3H2
isomer. Our conclusion is consistent with typical time sca
for hydrogen migrations; even the fastest known H re
rangement from vinylidene to acetylene takes ca. 1 ps,57 one
order of magnitude more than the typical 0.1 ps required
explain the direct reaction dynamics; therefore, no hydrog
migration from propenediylidene to vinylidene or propa
gylene contributes to the forward scatteredT~u!. As men-
tioned above, a decomposing propenylidene complex it
excited toA-like rotations would explain the forward peake
T~u!, but fails to account for the decreasing cross sect
with increasing collision energy.

The assignment of a triplet cyclopropenylidene enab
us to identify rotations around the A-axis. Figure 14 outlin
this approach geometry of C~3Pj ! toward the acetylene mol
ecule. As evident, the second out-of-plane H atom is ne
perpendicular to the plane and can likely be ejected alm
instantaneously after C–H bond rupture backwards with
spect to the carbon trajectory, whereas thec-C3H proceeds
in the forward direction. These direct stripping dynami
account for the strongly forward peakedT~u!s of micro-
channel 2.

C. Exit transition states

The collision energy dependent shapes of theP(ET)s
unveil valuable information on the chemical dynamics b
tween the moment of the triplet C3H2 complex formation and
the separation into products. AllP(ET)s peak between 5 an
16 kJ mol21, suggesting a loose exit transition state witho
any significant interaction between the departing C3H isomer

FIG. 15. Schematic representation of sterical effects on the reac
C~3Pj !1C2H2(X

1Sg
1) with decreasing orbiting radii. ‘‘c’’ denotes prefer

ential attack to form cyclopropenylidene, and ‘‘l’’ propadienylidene.
No. 5, 1 February 1997
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1739Kaiser et al.: Reaction of carbon with hydrocarbons. III
and H atom beyond the critical configuration. This fram
work should correlate with only minor geometry chang
from the decomposing triplet C3H2 complexes tol /c-C3H
isomers, as evident from the molecular dimensions. Co
pared to triplet propargylene, the C–C and C–H distan
alter by less than 0.07 Å inl -C3H, i.e., virtually unchanged
C–H bond, a C–C bond distance change from 1.28 Å to 1
Å and 1.35 Å, respectively, a bending angle of the th
propargylene carbon atoms deviating by only 8.1° from
linear geometry, and aH–C–C bond angle widened from
156.5° to 180°. Larger geometry changes up to about 0.
are found in the cyclic C3H isomer as compared to triple
c-C3H2: alternating C–C distances of 1.45, 1.30, and a C
distance of 1.07 Å show almost identical C–C lengths
1.37 and 1.38 Å inc-C3H, and the C–H bond increase
slightly from 1.07 Å to 1.08 Å. Likewise, the three carbo
andH1 of c-C3H2 are almost in one plane as found in th
C2v symmetricc-C3H isomer. The order of magnitude of th
exit barrier of 5–16 kJ mol21 is consistent, if we compare t
P(ET)s of reaction~10! peaking at 30–60 kJ mol

21. Here, a
simple, nearly barrierless bond rupture of the C–H bond
the CH3 group would localize electron density on the term
nal carbon atom. The accompanying electron delocaliza
over the C4 carbon skeleton, however, induces an additio
change in electron density to an increased exit barrier. Th
findings associate with simple correlation diagrams on the3A
surface under C1 symmetry and show a correlation of th
ground state cyclopropenylidene as well as propargylene
face with ground statel /c-C3H.

V. COMPARISON WITH RELATED SYSTEMS

A. C(3Pj)1CH3CCH(X
1A1)

The chemical dynamics tol -C3H show strong similari-
ties with the reaction of C~3Pj !1CH3CCH.

10 Here, C~3Pj !
attacks both perpendicular acetylenicp-MOs to triplet
s-transmethylpropenediylidene as well. The initial collisio
complex undergoes a similar@2,3#-H-migration to methyl-
propargylene which decomposes ton-C4H3 and H. Further,
recent matrix studies via FTIR spectroscopy show trans
mation of propenediylidene to propargylene upon heating
argon matrix from 10 K to 36 K and imply a barrier less th
1 kJ mol21 for the involved H migration.58 This low barrier
is consistent with the@2,3#-H-migration prevailing even a
highest collision energies of 45.0 kJ mol21. The increased
exit barrier of 30–60 kJ mol21 to n-C4H3 @reaction~10!# ver-
sus only 5–16 kJ mol21 to l -C3H correlates with a stronge
electron reorganization from the decomposing triplet me
ylpropargylene complex as compared to triplet propargyl
to the products. A triplet methylcyclopropenylidene collisio
complex analogous to unsubstituted tripletc-C3H2, however,
could not be identified. Here, the methyl group very like
reduces the cone of acceptance and screens approach g
etries to form the tripletc-C4H4 intermediate.

10,26

The alternative interpretation of a long-lived C3H2 colli-
sion complex contributing to a symmetricT~u! can be dis-
missed, if we compare the center-of-mass angular distr
tion of this reaction with those of C~3Pj !1CH3CCH(X

1A1).
J. Chem. Phys., Vol. 106,
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As obvious from the potential energy well depth of all tripl
C3H2 isomers relative to the reactants and products, trip
propargylene is expected to hold the highest lifetime. Sin
the fragmenting methylpropargylene complex shows an
culating behavior at 33.2 kJ mol21, the reduced number of 9
~propargylene! versus 18~methylpropargylene! vibrational
modes suggests a short-lived propargylene complex wit
lifetime less than its rotational period of 1.5–2.7 ps arou
the C2 symmetry axis, at least at a collision energy of 45
kJ mol21. Due to the symmetric exit transition state
c-C3H, no explicit information on the propargylene lifetim
can be derived. However, future experiments of C~3Pj ! with
partially deuterated acetylene, C2HD, are aimed to break the
C2 symmetry of the propargylene intermediate. This a
proach explicitly reveals the transition from a long-lived
an osculating complex with increasing collision energy
found very recently for the reaction of atomic nitrogen wi
acetylene to a triplet HCCN isomer and atomic hydroge59

as the collision energy rises from 12.6 to 37.7 kJ mol21:

N~2D !1C2H2~X
1Sg

1!→HCCN1H. ~12!

B. O(3Pj)1C2H2(X
1Sg

1)

The dynamics of the reaction O~3Pj ! with C2H2(X
1Sg

1)
were elucidated recently in our group60 and depict two chan-
nels initiated via attack of the oxygen atom to ap-orbital of
one acetylenic carbon tos-transHCOHC on the3A9 surface.
This long-lived intermediate either fragments directly to t
ketenyl radical, HCCO(X 2A9), and H or undergoes@1,2#-H-
migration to triplet ketene prior to CH2(X

3B1) and
CO~X 1S1! decomposition. As outlined in Sec. IV B, a dire
C–H bond rupture ofs-trans propenediylidene to H and
l -C3H is energetically not accessible, since thel -C3H had to
rotate around its internuclear axis. The ketenyl radical, ho
ever, possesses a bent geometry in its electronic ground s
andA-like rotations can be excited. Further, a hydrogen s
from propenediylidene to triplet vinylidenecarbene could
covered, but the subsequent exit channel to CH2 (X

3B1) and
C2 (X

1Sg
t ) similar to the CH2(X

3B1) and CO~X
1S1! chan-

nel cannot be opened up at collision energies up to 4
kJ mol21 applied in our experiments~Table I!. Likewise, a
hydrogen shift similar to a@2,3#-H-rearrangement in pro
penediylidene to form propargylene would yield tripl
hydroxy-acetylene, but the keto-enol equilibrium is expec
to favor the HCOHC keto structure. Finally, formation of
cyclic triplet oxirane collision complex might involve an en
trance barrier resulting from electrostatic interaction of t
doubly occupiedp-orbital with the closed shell acetylen
molecule. Compared to the C~3Pj !1C2H2(X

1Sg
t ) encounter,

this p-orbital is vacant, and the electrostatic interaction
eliminated.

VI. ASTROPHYSICAL IMPLICATIONS

The cyclic and linear C3H isomers have both been iden
tified toward the dark molecular cloud TMC-1 and the ca
bon star IRC110216. In dark clouds, typical ratios of th
cyclic versus the linear isomer are near unity, but decreas
No. 5, 1 February 1997
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1740 Kaiser et al.: Reaction of carbon with hydrocarbons. III
0.260.1 around the carbon star. Especially the circumste
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 res
correlate qualitatively with these observations. Dark clou
hold typical averaged translational temperatures of 10
whereas circumstellar shells around carbon stars are he
up to about 4000 K. Since 10 000 K are roughly equival
to 100 kJ mol21, this gives a mean translational energy
about 0.01 and 40 kJ mol21 in dark clouds and outflow o
carbon stars, respectively. Therefore, both isomers are
pected to exist in dark, molecular clouds, but t
@c-C3H#/@l -C3H# ratio should decrease in IRC110216, as
found in astronomical surveys, since lessc-C3H should be
produced as the averaged translational temperature incre
Therefore, a common acetylene precursor to interste
c/ l -C3H radicals via atom–neutral reaction with C~3Pj !
seems reasonable.

VII. CONCLUSIONS

The reaction between ground state carbon atoms, C~3Pj !,
and acetylene, C2H2(X

1Sg
1), was studied at three averag

collision energies of 8.8, 28.0, and 45.0 kJ mol21 using the
crossed molecular beams technique. Reaction dynamic
ferred from TOF spectra and LAB distributions combin
with our ab initio calculations suggest two microchanne
initiated by addition of C~3Pj ! either to one carbon atom o
the acetylene molecule yieldings-trans propenediylidene
~microchannel 1! or two carbon atoms forming triplet cyclo
propenylidene~microchannel 2! via loose transition state
located at their centrifugal barriers. Propenediylidene rota
around itsB/C axis and undergoes@2,3#-H-migration to pro-
pargylene, followed by C–H bond cleavage via a symme
exit transition state tol -C3H~X 2P1/2!1H. These dynamics
supply a collision energy invariant, isotropic center-of-ma
angular distribution as well as a weakL-L 8 correlation. A
strongly forward scattered microchannel 2 shows a sign
cantL-L 8 correlation, but is quenched with rising collisio
energy. Its chemical dynamics involve a short-lived trip
cyclopropenylidene complex excited toA-like rotations
which subsequently fragments toc-C3H(X

2B2) and H
through a loose transition state located 6-12 kJ mol21 above
the products.

The explicit identification of l -C3H(X
2P j ) and

c-C3H(X
2B2) under single collision conditions represents

one-encounter pathway to build up hydrocarbon radicals
the interstellar medium and represents a more realistic
thetic route to interstellar C3H isomers than postulated ion
molecule reaction networks. Energy dependent branching
tios of the linear versus cyclic isomer correlate qualitativ
with astronomical observations and explain thec-C3H/l -C3H
ratio of one in the molecular cloud TMC21, but a reduced
value of 0.2 in outflow of the carbon star IRC110216.
Hence, a common acetylene precursor to interstellarc/ l -C3H
via the atom neutral reaction with atomic carbon see
highly likely. Further, the triplet C3H2 intermediates propa
dienylidene and cyclopropenylidene might resemble th
J. Chem. Phys., Vol. 106,
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C3H2 isomers trapped as singlet dimethylthioesters in oxi
tive acetylene flames33 and suggests reactive intermediates
the CVD process to synthetic diamonds.31,32
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