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The reaction between ground state carbon ator(?sP ¢ and acetylene, £i,(X 137 g ), is studied at

three collision energies between 8.8 and 45.0 kJralsing the crossed molecular beams
technique. Product angular distributions and time-of-flight spectradfa€m/e=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 kJ mot, and isotropic at 45.0 kJ mot. Reaction dynamics inferred from the
experimental data anab initio calculations on the triplet £, and doublet GH potential energy
surface suggest two microchannels initiated by addition(SPp 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 aroBh@ ésis

and undergoel,3]-H-migration to propargylene, followed by C—H bond cleavage via a symmetric
exit transition state tol-CzH(X 2IT, ;) and H. Direct stripping dynamics contribute to the
forward-scattered second mlcrochannel to fen@,H(X 2B,) and H. This contribution is quenched

with rising collision energy. The explicit identification 6fC;H(X 1T, j) andc-C3H(X ’B,) 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 interstéllazothers

than hitherto postulated ion—molecule reactions. Relative reaction cross sections to the linear versus
cyclic isomer correlate with actual astronomical observations and explain a figglgH]/[1-C;H]

ratio in the molecular cloud TMC-{~1) as compared to the circumstellar envelope surrounding the
carbon star IRG 10216 (=~0.2) via the atom-neutral reaction @RJ-)+C2H2(X 125). © 1997
American Institute of Physic§S0021-96067)01305-9

. INTRODUCTION o l/c-CaH +H, (6)
Linear anq cyclic GH, i.e.,_ propynylidyr}e(I.-CSH)_and l/c— CsHS +e—1/c-CaH+H. 7

cyclopropynylidyne(c-C;H), Fig. 1, are ubiquitous in the

interstellar medium(ISM) and hold high fractional abun- Very recently, however, crossed molecular beam reac-

dances up to 1T relative to atomic hydrogeri-C;H was  tions of atomic carbon in |t§P electronic ground state with
detected in 1985 by Thaddeasal. via microwave spectros- acetylene(reaction ), ethylene(reactlon ), and methyl-
copy toward the dark Taurus molecular clouMC-1) and  acetylene(reaction 1% established the carbon—hydrogen
the carbon star IRE10216%2 Two years later, Yamamoto exchange channel to tricarbon hydride, the propargyl radical,
et al2 identified rotational transitions of the cyclic isomer in and butatrienyl-ethinylvinylidene as an alternative path-
TMC-1 prior to laboratory synthesis via radio frequency dis-way to synthesize neutral species:

charge of He/CO/@H, mixtures. Interstellar reaction net-

3 .
works postulate their formation via successive ion—molecule COPy) + CoHp— CgHHH, 8)
reactions, radiative agssouatlops, and d'lssomatlve recombina- C(3P;) + CoHy—1-CaHa+H, 9)
tions (reactions 1-%° or reactions 5-%:
3 . -
CoHyt C* —1/c-CaH* +H, 2 C(°Pj)+ CH;CCH—n-C H;+H. (10
Although our preliminary stud|es on the(%l? )/C,H, system
— + _ + 2112
[/c—C3HT"+Hy—c-CsH; +hv, @ could not identify the gH isomer® this mechanlsm opens a
l/c—C3H; +e~ —l/c-C3H+2H, (3)  Versatile route to form extremely reactive hydrocarbon radi-
cals via atom-neutral reactions under single collision condi-
—1/c-C3H+Hy, (4 tions in the ISM and does not require reaction chains of
CHat+Cr—c— CaHE +H 5) successive binary encounters under mterstellgr conditions

with reactant number densities as low as 46m™
Despite the key role of thed8 system in understanding
dpresent address: Academia Sinica, Nankang, Taipei, 11529, Taiwan. the competition between ion—molecule reactions and atom-
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H that the initially triply degenerate surface splits into one at-
Cl: tractive and two repulsive ones as the reactants apprf8ach.
Reaction products were first identified via a crossed beam
/ \ C—C=C—H study of (8) under single collision conditions as tricarbon
c——C hydride, GH, and atomic hydroge®.
In this paper, we extend our preliminary investigations
6))] ?) on the GE?’PJ-)/CZH2 system and elucidate the energy depen-
dent chemical dynamics of the atom-neutral reaction
FIG. 1. Scher_nati(CZU and_va structures of the- and|-C3;H isomer(1) C(3Pj)/C2H2(X 125) under single collision conditions at
and(2) as derived from microwave spectra. collision energies between 8.8 and 45.0 kJ Mol he direct
measurement of product velocity and angular distributions
identify the primary reaction chanrisl and acquire dynami-
neutral chemistry in the ISM, the 8 potential energy sur- cal information on elementary steps of the reaction. State-of-
face (PES is poorly characterizedc-C;H in its ?B, elec-  the-artab initio calculations on the doublet;8 and triplet
tronic ground state holds the global minimum and resemble§sH, surfaces supplement our experimental datampare
a prolate asymmetric top df,, symmetry with rotational Refs. 29-30 Together they reveal possible reaction path-
constants A=1.48 cm?! B=1.1 cm?! and C=0.64 Wways to interstellar g isomers, GH radicals postulated in
cm 21118 The unpaired electron is delocalized over the carchemical vapor depositiofCVD) processes to synthetic
bon skeleton as reflected in almost identical carbon—carbofiamonds’* as well as trapped i, intermediates in
bond lengths of (C—CH=1.3739 A, andr(C-0=1.3771 C,H,/O, flames®
A determined via microwave spectra, as well as the nearly
uniform p-character of theA_-aX|_s based carbon atom of_ Il EXPERIMENTAL SETUP AND DATA ANALYSIS
31.8% versus a 20.4% contribution from the two symmetric
C atoms'® This electron delocalization gives rise to a spin- Since atomic carbon is tetravalent in closed shell mol-
orbit splitting of 0.32 kJ moll.!® The presence of a low- ecules, formation of chemically stable species in the very
lying excited A%A; electronic state about 120 kJmbdl first encounter is highly unlikely, and experiments must be
above the ground state induces a pseudo Jahn—Teller effegierformed under single collision conditions to identify the
but its magnitude is not strong enough to distort the carbomrimary reaction products. These requirements are achieved
skeleton to a reduce@, symmetry?° here using a universal crossed molecular beam apparatus de-

The linear isomer in its doubly degenerdid,,, elec- scribed in Ref. 34 in detail. A pulsed supersonic carbon
tronic ground state was thought to be 1.3-28.2 kJthilss  beam was generated via laser ablation of graphite at 266
stable tharc-C;H.?*~*Laboratory as well as interstellar mi- nm3 The 30 Hz, 35-40 mJ output of a Spectra Physics
crowave spectra indicate thaC;H belongs to theC, , point GCR-270-30 Nd:YAG laser is focused onto a rotating car-
group and has a rotational const&#0.37 cm 1.21=2*Spin-  bon rod. Ablated carbon atoms are seeded into neon or he-
orbit coupling is less efficient in this system as compared tdium carrier gas released by a Proch—Trickl pulsed valve
the cyclic one, and th81,,, state is separated by only 0.18 operating at 60 Hz and 8@s pulses with 4 atm backing
kJ mol ! from the true electronic ground st&te?*In strong  pressure. This setup generate@F(}) within the velocity re-
contrast toc-CzH, the unpaired electron is predominantly gime 800—3000 ms,* C(3Pj/1D2) between 3000 and 3300
confined to 90% to the atom orbital of the terminal carbon ms % and solely G'D,) in the free ablation mode yielding
atom, and delocalized to only 10% overmamolecular or-  velocities between 3300 and 5500 Ts® A four slot chop-
bital (MO).2*~?4Distinct carbon—carbon lengths ofHC—C)  per wheel selects a 7.0s segment of the seeded carbon
=1.2539 A andr(HCC-0=1.3263 A support this finding. beam. Table | compiles the experimental beam conditions.
Further, the C—H distance of 1.0171 A is shorter than aThe carbon beam at 45.0 kJ mblcontains contributions of
typical acetylenic carbon—hydrogen bond with 1.0605 A andC(*D,) atoms, whose reaction dynamics are the subject of a
is interpreted in terms of a large amplitude motion of theforthcoming article. Since excited electronic state gfatid
doubly degenerate,-CCH bending mode. Due to thg in-  C; are expected as well, but no fragmentation patterns are
teraction with theX °Il,,, state (Renner—Teller effegf its  available, the composition of the carbon beam as well as the
vibration energy ranges only 0.3 kJ mblabove theX I1;,,  flux factor are extremely speculative at this collision energy
state?>?4 and are therefore excluded from Table I.

Previous mechanistic information on the(E’EZJ-)lczH2 The pulsed carbon and a continuous acetylene beam at
system were derived from bulk experiments at 293 &d  550+12 Torr backing pressure pass through skimmers and
indicate the reaction proceeds within orbiting limit, i.e., across at 90° in the interaction region of the scattering cham-
dominating G dispersions interaction term and chemical dy-ber. Products were detected in the plane of the beams using a
namics invariant with respect to the€, geometry?® Herbst  rotable quadrupole mass spectrometer with electron-impact
et al?’ reproduced Husairet al’s? rate constant with the ionizer at different laboratory angles steps between 5.0° and
orbiting framework assuming only one third of the trajecto-60.0° with respect to the carbon beam. Time-of-flight spectra
ries lead to products. This conclusion correlates with Taka{TOF) were recorded choosing a channel width of Z&
hashi and Yamashita’ab initio calculations and suggests The velocity of the supersonic carbon beam was monitored
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TABLE I. Experimental beam conditions andr errors averaged over the experimental time: most probable
velocity vy, speed ratidS, most probable relative collision enerdy,, , center-of-mass angléc,,, composi-

tion of the carbon beam, and flux factyy=n(C)*n(C,H,)*v, in relative units, with the number density of the
ith reactani; and the relative velocity, ?: no information available; see text for explanation.

Beam vg, Mst S E.oi (kI mol™?) Ocm C,:C,:Cq f,
C(3Pj)/Ne 1180+-54 6.0+0.5 8.8:0.4 57.8:1.2 1:0.7:2.5 1.0
C(3Pj)/He 246388 4.6:0.5 28.0£2.0 37.3:0.9 1:0.14:0.25 6224
C(3Pj)/He 3196+106 2.6£0.5 45.0£3.0 30.40.8 ? ?
C,H, 866+5 9.3+0.6

frequently and minor velocity drifts corrected by adjusting Laboratory TOF spectra and the laboratory angular distribu-
the laser pulse delay withift 1.0 us. To calibrate fluctuating tions (LAB) are then calculated from thesg(6)’'s and
carbon beam intensities and mass dial settings at the quadrB{E+)’s convoluted over the apparatus functions to obtain
pole controller, reference angles were chosen at 6@®  simulations of the experimental data.
kJ mol %), 37.5°(28.0 kJ mol %), and 30.0945.0 kJ mol %).

Kinematic information are extracted by fitting the TOF . AB-INITIO CALCULATIONS
spectra and the product angular distribution in the laboratory ~ All ab initio results presented in this paper have been
frame using a forward-convolution routiféThis iterative =~ computed at the CCSD) level (single- and double-
approach initially guesses the angular flux distributici®) ~ excitation coupled cluster with a perturbational estimate of
and the translational energy flux distributi®(E;) in the  triple excitation$**~* based on unrestricted Hartree—Fock
center-of-mass systef@M) assuming mutual independence. (UHF) wave functions. The ACES Il program package was
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FIG. 3. Lower: Newton diagram of the reactio’®;)+C,Hy(X 'S4) ata
FIG. 2. Lower: Newton diagram for the reactiom3ej)+CZH2(X 12;) ata collision energy of 28.0 kJ mot. The circle stands of the maximum center-
collision energy of 8.8 kJ mot. The circle stands for the maximum center- of-mass recoil velocity of the $#1 product in the CM reference frame.
of-mass recoil velocity of the £ product in the CM reference frame. Upper: Laboratory angular distribution of;@ at m/e=37. Circles and &
Upper: Laboratory angular distribution of;@ at m/e=37. Circles and & error bars indicate experimental data, the solid lines the calculated distribu-
error bars indicate experimental data, the solid lines the calculated distribuion for the upper and lower carbon beam velodifiable ). C.M. desig-
tion of the upper and lower carbon beam velo¢iFgble ). C.M. designates  nates the center-of-mass angle. The solid lines originating in the Newton
the center-of-mass angle. The solid lines originating in the Newton diagrangliagram point to distinct laboratory angles whose TOFs are shown in Fig. 6.
point to distinct laboratory angles whose TOFs are shown in Fig. 5. TheDashed lines denote the experimentally determined signal cut-offs at 15 and
dashed line denotes the experimentally determined signal cutoff at 35°.  60°.
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FIG. 4. Lower: Newton diagram for the reactio®g;)+C,H,(X ') ata . .

collision energy of 45.0 kI mot. The circles stand for the maximum Time of flight (us)
center-of-mass recoil velocity of the;@ product in the CM reference frame
from reaction of acetylene with @,) (outer circl¢ and (13PJ-) (inner . . Lo
circle). Upper: Laboratory angular distribution of@ at m/e=37. Circles /G- 5. Time-of-flight data afm/e=37 for indicated laboratory angles at a
and 1r error bars indicate experimental data, the solid lines the sum of-llision energy of 8.8 k mol Open circles represent experimental data,

calculated distribution for the upper and lower carbon beam velocity fromthe solid line the fit. TOF spectra have been normalized to the relative
reaction of @'D,) (dotted ling and G°P;) (dashed ling C.M. designates intensity at each angle.

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 cutoffs at 5° and 55°. kJ mol %, The systemati@ab initio investigations of the trip-

let C;H, and doublet GH systems are described elsewhere in
detail®® where methodical aspects, energies, energy differ-
used*2-4* Stability of the zeroth-order self-consistent field €NCes, geometries, and vibrational frequencies are discussed
(SCP wave function® has been checked, and spin contami-&xtensively. Here, we focus on results necessary to supple-
nation occurring in the SCF wave functiéiypically 2.40 for ~ Ment our experimental data.
(S? in triplet states of GH,) is mostly eliminated within the
coupled cluster scheme. All structures were fully optimized!V- RESULTS
at the CCSIT) level. To characterize stationary poirits-  A. Reactive scattering signal
cal minima or saddle pointsvibrational frequencies have ) ) )
been calculated numerically within the harmonic approxima- __(eactive scattering signal was only observednie

tion using analytic CCS[X) gradients. Geometries, vibra- :37’di'(;" Q’T'_C;es':igs' 257 qndl Table ”'.TdQF ;pecrt]ra
tional frequencies, as well as zero-point energies have beerﬁCor € am €=20 show I entica pattems Indicating t at.
e energetically accessible, but spin forbidden channel 3 is

Eggg Ut:eoi I—?—rzgl)|4!aso(ﬂ:er?;:i‘;?ﬁ;gfs;Z%? p(l;gsgglir;)z /atlortlosed..Endothelrmic exit phannels 4—6 could nt.)t. be opened
[6s3pld]). Energy differences were obtained by single-at r'elgtlve CO||IS'I0'n energies applied here. Addmonally, no
point calculations with a quadruple-zeta double polarizatior{ad'at've association 1o 481, at m/e=>50 or higher masses
(QZ2P* basis (H: (7s2pld)/[4s2pld]; C: (11s7p2d  Were observed.

1f )/[6s4p2d1f]) at the UCCSDT)/TZP geometries. For o

some of the reaction energies a cc-pVQZ basis was useg -aporatory angular distributions (LAB) and TOF

(H: (6s3p2dif )/[4s3p2dlf]: C: (12s6p3d2flg)/ SPectra

[5s4p3d2 f1g]).* This approach is expected to yield stan- Figures 2—4 display the most probable Newton diagrams
dard reaction enthalpies with an accuracy of about 1-3f the title reaction as well as the laboratory angylakB)
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FIG. 6. Time-of-flight data atn/e=37 for indicated laboratory angles at a FIG. 7. Time-of-flight datam/e=37 for indicated laboratory angles at a

collision energy of 28.0 kJ mok. Open circles represent experimental data, collision energy of 45.0 kJ mot. Open circles represent experimental data,

the solid line the fit. TOF spectra have been normalized to the relativéhe solid line the fit. Dotted lines show the contribution of'EZ,) and

intensity at each angle. dashed lines of éPj). TOF spectra have been normalized to the relative
intensity at each angle.

distributions of the GH product at collision energies of 8.8,

28.0, and 45.0 kJ mot. At the lowest applied collision en-

ergy, the LAB distribution peaks at 50.0°, slightly forward ¢ center-of-mass translational energy distributions,

scattered with respect to the center of méSM) angle at  p(g.)

57.9°. As increased to 28.0 and 45.0 kJ fplthe fits of _ _ o
both LAB distributions originating from the (@pj) compo- Figure 8 presents the translathnal energy distributions
nent reveal maxima at the CM angles of 37.3° and 30.4°P(E1) and angular distribution3(6) in the center-of-mass
respectively. Since the enthalpies of formation of bogriC  frame of the reaction CP))+CoHy(X *3g) —~CsH+H. Best
isomers differ by about 7.5 kJ midi, c.f. Sec. V A, the dif-  fits of TOF and LAB distributions were gained with(Er)s
ferentiation ofc-C,;H versusl-C,H based solely on limiting ~ €xtending to a maximum translational energy releagg, of
circles is not possible. However, the dashed lines originating0 kJ mol* (E¢;=8.8 kJ mol'%), 43 ki mol'* (E¢y=28.0

in the Newton diagrams support the correct order-ofkJmol), and 57 kJ mol" (Eqy=45.0 kJ mol?). Further,
magnitude of the calculated reaction enthalpy even withirthe most probable translational energy yields the order-of-
the velocity spreads, since no reactive scattering signal wagagnitude of the barrier height in the exit channel. As ex-
detected outside the thermodynamical limit. Further, the narpected from the LAB distributions, alP(Er)s peak near
row range of the laboratory angular distribution of only 45.0°zero, here between 5 and 16 kJ molThese findings sug-
and the mass ratio of both departingHCand H fragments gest a nearly simple bond-rupture process via a loose exit
(37:1) suggest that the averaged translational energy releaggansition state and a minor electron density reorganization
(E+) is small as confirmed in owab initio calculations of the ~ from the decomposing 41, complex to the products. Fi-
reaction exothermicities, Table Il. In addition, all center-of- nally, the average translational energy release obtained was
mass translational energy distributioR§E;)s are expected 8.0+3.0 kJ mol* at E.,,=8.8 kJ mol %, 17.0-2.0 kJ mor*

to peak near zero indicating a loose exit transition state fronat E.;;=28.0 kJmol?, and 23.34.0 kJmol! at

the decomposing {1, complexes to the products. Eco1=45.0 kJ mol'%,

J. Chem. Phys., Vol. 106, No. 5, 1 February 1997

Downloaded-12-May-2006-t0-128.171.55.146.-Redistribution-subject-to-AlP-license-or-copyright,~see-http://jcp.aip.org/jcp/copyright.jsp



1734 Kaiser et al.: Reaction of carbon with hydrocarbons. Il|

TABLE II. Thermochemistry of the reaction (&;)+CyHy(X 'S7). En-

thalpies of formations were taken from Ref. @&actions 3—pand present 1.2 T

ab initio calculations(reactions 1-2 10FE - h

. - /" N s

. " \ N

Free reaction enthalpy at 0 K, 08 F / . \ -

No. Exit channel ARG (0 K), kJ mol? — F ax \ ]

WosE! \ -

1 c-CH (X 2B,) +H(AS,,) -8.6 o E;I’ \ 1

2 [-CsH(X A0 +H (3Sy) -15 0.4 L \ .

3 Cs (X 12g)+Hy(X '2g) —127.0+5.0 0.2 \ 3

4 GCs (a °M,) +HA(X 13) +73.5+£5.0 : \ ]

5 CH (X 25%)+CH(X I1,) +118.5-15.0 FoY0) AT WL S N B B

6 CH, (X 3By) +Cy(X 130) +267.0:14.0 0 20 40 60 80 | 100
Translational Energy (kdmol™")

22— —7— ]

D. Center-of-mass angular distributions, T(0) 1.0 TR~

As the collision energy increases, tfiéd)s show a de- . 0.8 F R E

creasing total fraction of forward scattering from 27 80% Do6F 3

(8.8 kJ mol'}) via 7.0+3.0%(28.0 kJ mol'?) to an isotropic = " 1

distribution at 45.0 kJ méf* (Fig. 8). In strong coincidence, TR T E

the intensity ratio ofT(#) at #=0° to 180° drops from 2.6 0.2 F .

+0.3 via 1.2:0.2 to 1.0 with rising collision energy. These ook T R B

o 45 90 135 180

data eliminate an osculating complex as discussed in Refs. 9
and 10, but rather indicate two distinct microchannels. The Center of Mass Angle (deg)
first one is strongly forward scattered with respect to the

[P ; itiaFIG. 8. Lower: Center-of-mass angular flux distributions for the reaction
carbqn beam. and shows a significant Corr,ela“on of Fhe mltlaEGPj)-s-Csz(X 34) at collision energies of 8.8lotted ling, 28.0(dashed
and final orbital angular momentumandL perpendl'CUlar line), and 45.0 kJ maf* (solid line). Upper: Center-of-mass translational
to the initial and final relative velocity vectoxsandv’. As  energy flux distributions for the reaction(®;)+C,Hy(X ') at collision
the collision energy rises, this contribution is quenched. Thenergies of 8.8dotted ling, 28.0 (dashed ling and 45.0 kJ mot* (solid
collision energy invariant forward—backward symmetric'"®-

T(6) shape of the weakly polarized and isotropic microchan-approximated referring to bulk experiments which indicate
nel 2 is either induced by a long-lived complex behavior ofthe title reaction proceeds within orbiting lim Therefore,
the decomposing £, intermediate holding a lifetime longer \ye calculate the maximum impact paraméigy, leading to
than its rotational peridd*®or alternatively via a symmetric reaction to b,.(8.8 kImolH)=3.6 A, b, .(28.0
CsH; intermediate giving rise to a symmetric exit transition k3 mor1)=2.7 A, andb,,,,(45.0 kJ mol)=2.5 A, and the
state?'®Its weak polarization results from total angular mo- maximum orbital angular momenturt,, t0 L, .(8.8
mentum conservation and angular momentum disposal 88 mol%)=65+3%, Lmax28.0  kd molY)=95+4#, and
discussed previousf:° Since GH, is prepared in a super- | (45,0 kJ mol')=111+5%. Further, an upper limit of’
sonic expansion and the rotational state distribution peaks g estimated by choosing exit impact parameters to typical

only 2 at a typical rotational temperature of 20-30 K, adimensions in feasible decomposingH; complexes be-
classical treatment defines the total angular mometdn  tween 1.0 and 1.5 A, cf. Sec. V A. This procedure yields

J=L 4 ~L 11 L'(88 kde?<1%q L'(28.0 kimol’)<15i, and
. ) » L'(45.0 kI mol ")<22%. SincelL’'<0.18L, L andL’ are
with the rotational angular momentum of thgHCproductj’. poorly coupled, and most of the total angular momentum

The maximum initial orbital angular momentung.,., can beé  channels into rotational excitation of the;< product on
average to result in weakly polarizdd 6)s.

C.H C(3PJ->

|500 m/si

FIG. 9. Contour flux map distribution for the reactiom3Bj)+C2H2(X 12;) at a collision energy of 8.8 kJ mol.
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3
C.H C( PJ)

ISOO m/SI

FIG. 10. Contour flux map distribution or the reactioff/&)+C,H,(X '3 5) at a collision energy of 28.0 kJ nid.

E. Flux contour maps and total relative cross sections [2,3]-H-migration to propargylene, followed by decomposi-

Figures 9—11 show the center-of-mass flux contourmapEOn to |-CgH and atomic hydrogen, whereas cycloprope-

[(6,E7)~T(0)* P(Et) at all three collision energies. As ex- nylidene fragments to-CsH and H.

pected from theT(6)s, the forward peaking of the product A. The triplet C 3H, ab initio potential energy surface
flux with respect to the carbon beam on the relative velocity
vector decreases as the relative collision energy increasef-ﬁe

and leads ultimately to a forward—backward symmetry a halpy of formationAH’ (0 K)=553.1 kJ mol5: Figs. 12

45.0 kJ mol'. Integrating this flux distribution ove#, ¢, . . )

E;, and correcting for the reactant flux as well as relative"’mdb 13 an(é Tadplet . Trf]el ggeﬁtnelll co?Ldllr;\?vtes bdfp'Ct a

reactant velocity(Table ), we find a ratio of the relative carbon-carbon distance ot L. aimost hallway between a

cross  section of o (88  kJmolo(28.0 typical double(1.34 A) and triple(1.20 A) bond as well as a
C—C—Cchain deviating by only 8.1° from linearity. These

kJ mol 1)=3.5+1.4. This dropping cross section with in- ) o
creasing collision energy correlates qualitatively with dis—data and the torsion angle of bo_th H. atoms of 88.0° give rse
to a G symmetry of the 1,3 diradical and correlate with

cussed bulk experiment8 Since no reaction channel to/e X -
P Seburg and co-workers’ experimental FTIR assignment of

=36 is involved, the deviation from the simple capture13C bstituted | . . ® K
process[(8.8 kJ mol 1/a(28.0 kJ mOTl)]capture=1-3i0-1 substitute | propargylene in argon matrices at .
A second isomer, vinylidenecarbeng@CC, possesses

strongly indicates sterical effects when the orbiting radii fall _ : 3
C,, symmetry in the lowest triplet °B, state. The carbon—

below the van der Waals dimension of the molecuince ; X
the fragmentation pattern of electronically exciteda@d G carbon lengths alternate with 1.24(frminal to centraland

Propargylene, hereafter HCCCH, in Ks°B state holds
global minimum on the triplet ££,-PES with an en-

clike. This interpretation gains support from a C—H distance
of 1.08 A slightly shorter than in ethylen@d.10 A) and a
HCH angle of 119° versus 117.5° in theH; molecule. The
enthalpy of formation of vinylidenecarbenaH; (0 K)
=688.0 kJ mol! stands in excellent agreement with a recent
Ab initio calculations on the éPj)/C2H2 system greatly experimental value of 66830 kJmol! calculated from
facilitate the understanding of the chemical dynamics, if theAH; of singlet vinylidenecarbene via bond dissociation of
anticipatedT(6)s andP(E+)s are successively derived from the propargyl radical plus the singlet—triplet gap of vi-
distinct energetically accessiblglg, reaction intermediates nylidenecarbene as studied from the photoelectron spectrum
and compared with the actual experimental results. Since nof the propadienylidene aniof.
triplet C;H,, intermediate fulfills requirements of intersystem Cyclopropenylidenec-C;H, (a *A electronic state, €
crossing!®° the discussion is limited to the triplet surface. point group ranks atAH; (0 K)=725.5 kJ mol. Three
We demonstrate that(éPj) interacts in the primary encoun- carbon and one hydrogen atom span almost a plane with an
ter with two acetylenic carbons to cyclopropenylidgng-  0.2° out-of-plane angle of the H atom with respect to the C
crochannel 1 and with one carbon atom to trans propene-ring, whereas the second hydrogen atom is bent 46.1° out-
diylidene (microchannel 2 Propenediylidene undergoes of-plane. The carbon—carbon distances strongly alternate

section atE,,=45.0 kJ mol ..

V. DISCUSSION

CH c3p
J
500 m/s
FIG. 11. Contour flux map distribution for the reactiof’l;)+C,H,(X 13 5) at a collision energy of 45.0 kJ mid.
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1736 Kaiser et al.: Reaction of carbon with hydrocarbons. Il

ally 78.4 kJ mol ! higher in energy giving\H; (0 K)=803.9
kJ mol L. As evident from the 1.35 Aterminal to central
and 1.39 A carbon—carbon bond lengths, thelectron is
delocalized over the carbon skeleton. A triptetis isomer
as found by Yamashitat al?® could not be confirmed even
at our highest level of theory.

0] )

B. Reaction pathways to /- and c¢-C3H

; xl o The schematic energy level diagram in Fig. 13 shows
three theoretically feasible, prompt reaction pathways. Inser-
tion of C(3PJ-) in the C—H bond of an acetylene molecule
leads to triplet propargylene, whereas addition of the electro-
phile carbon atom to carbon centers©fh andC2 atoms in
C,H, forms triplet cyclopropenylidene. The final pathway to
triplet s-trans propenediylidene involves attack of two per-
pendicular @Pj)-p-orbitals to both perpendiculat-MOs
on C1, which might undergo consecutiy2,1]-H-migration
to vinylidenecarbene, subsequégt3]-H-migration to prop-

@) 4) argylene, ring closure to cyclopropenylidene, oiC2—-H
bond rupture td-C3H. In addition, vinylidenecarbene might
fragment viaC1—-H cleavage td-C;H(X 2II;,) or show

o . . ® [3,1]-H-migration to propargylene, which itself yields
[-CgH(X I1,,) by C1—H or C3—H bond rupture. Finally,
cyclopropenylidene can decompose directly ®WC;3H

) © (X ?B,) and H.

FIG. 12. Ab initio structures on the triplet £1, and doublet gH PES. 1. The isotropic microchannel

Smaller sphere: carbon atom, larger sphere: hydrogen atom. Bond lengths The requirement of a symmetric exit transition state con-
are given in Table IIl.(1) propargylene(2) vinylidenecarbene(3) cyclo-

propenylidene(4) propenediylidene(s) linear propynylidyne, andé) cy-  {IN€S decomposing complexes to vinylidene-carbene or pro-
clopropynylidyne. Bond angles and lengths are listed in Table III. pargylene. Cyclopropenylidene as well adrans
propenediylidene can be excluded from further discussion,
since no symmetry element allows a symmetric H atom
among 1.55 Aaliphatig, 1.45 A (aliphatic to olefini¢, and  emission ing and 6-= to account for the forward—backward
1.30 A (olefinic), whereas the C—H lengths range betweensymmetry ofT(6). If vinylidenecarbene existed, the decom-
1.07 and 1.09 A. posing complex rotated around theg fiyure axis and formed

Another isomer, triplet s-trans propenediylidene, exclusivelyl-CsH(X 2HJ-). The linear isomer would be ex-
CHCCH?>* (C4 symmetry;*A” electronic statelies addition-  cited 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
T very flat?324*9Therefore, the symmetric exit transition state
C+CH, = Fan results from rotgtlon of the triplet propargyleng complex
041 : around the ¢ axis. Due to the weak —L' coupling, our
experiments cannot distinguish between an oblate and pro-
late exit transition state. However, future experiments prob-
ing the A-doublet population might resolve this puzzle.

The remaining question to be solved is the reaction path-
way to triplet propargylene itself, i.e., an insertion process
versus addition and subsequent hydrogen migration. Inser-
tion of O(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
HigGongH 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 sym-
FIG. 13. Schematic representation of the lowest energy pathways on th1etry forbidden reaction and is expected to involve a signifi-
triplet C;H, PES. cant entrance barrier much larger than our lowest collision

energy, Kmol™!
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TABLE lIl. Internal coordinates oéb initio equilibrium structures of triplet isomers. Parameters are designated
as follows: angle 1 2 3, where 2 is the central atoms tbr2 3 4:torsion angle 61 4 over the bond 2 3; outp

1 2 3 4:out-of-plane angle of the bdM 1 with respect to the plen2 3 4.Angles are given in degrees, bond
lengths in Angstrom.

H
H4'Ia..‘ C /02\C/H5 03:02:Cj< 5
(a) (b) ¢
Cs
/_ o
NS H
Ch—0, o=
ne
Hg 5 4
(©) (d)
a) propargylene:
43 bond length 1.067
32 bond length 1.279
432 angle 156.5
123 angle 171.9
4315 tors 88.0
b) vinylidenecarbene:
21 bond length 1.369
23 bond length 1.238
15 bond length 1.081
415 angle 119.0
¢) cyclopropenylidene:
23 bond length 1.448
13 bond length 1.304
12 bond length 1.551
24 bond length 1.088
15 bond length 1.073
421 angle 125.9
512 angle 141.1
4312 outp 46.1
5213 outp 0.2
d) s-trans propenediylidene:
32 bond length 1.349
21 bond length 1.392
15 bond length 1.079
24 bond length 1.092
324 angle 117.1
215 angle 134.1
321 angle 121.2

energy of 8.8 kJ motl. In strong analogy, éP ) reaction  reaction proceeds on th surface to yield-C;H(X 21T, i)
with methylacetylene exhibits no evidence of insertion intoand H?S,,,) via C—H bond rupture.
the acetylenic C—H bontf. This ideal initial C; approach symmetry to propene-
Alternatively, an interaction of two perpendicular diylidene preserves th€—C-Cplane as a symmetry ele-
C(3P) -p-AOs with two acetylener-MOs under initialC;  ment. Since the initial orbital angular momentum becomes
symmetry on the’A’ surface forms a carbon— carb@nas the total angular momentum of the initially formed collision
well as -bond to s-trans propenediylidene. This pathway complex,s-transpropenediylidene rotates in a plane almost
involves a maximum orbital overlap and opens a large rangeerpendicular td. around itsC axis. A slight off-plane ap-
of impact parameters for reactive encount@ra.subsequent proach of the carbon atom toward acetylene undgsyn-
[2,3]-H-migration ins-transpropenediylidene yields propar- metry can exciteB rotations as well. Unfortunately, experi-
gylene which must rotate around its @igure to explain the mental data cannot prove ths-trans structure of the
isotropic, forward—backward symmetrid6). Therefore, no propenediylidene isomer explicitly. But similar reactions of
symmetry element is conserved during the reaction and th€,H, with CH>* and H® lead solely to intermediates in
initial C4 approach symmetry is reduced tq.GHence, the which the former acetylenic hydrogen atoms are located
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././'/. - ¢
—> —>
<0 FIG. 15. Schematic representation of sterical effects on the reaction

C(3Pj)+CZH2(X 125) with decreasing orbiting radii. “c” denotes prefer-
ential attack to form cyclopropenylidene, and “I” propadienylidene.

tive encounters from radii exceeding the symmetricloud
to form cyclopropenylidene, Fig. 15, become more and more
unlikely, and are shifted toward orbits in which thecloud
can be attacked sideways to yield preferentially the propene-
diylidene isomer. This model explains a decreasing cross
section and hence forward peaking center-of-mass angular
distribution as the collision energy rises and further under-
trans to each other, and the reaction proceeds very likel§jnes the geometry limited formation of the tripletC;H,
through thes-transisomer. isomer. Our conclusion is consistent with typical time scales
for hydrogen migrations; even the fastest known H rear-
rangement from vinylidene to acetylene takes ca. 1 pie
order of magnitude more than the typical 0.1 ps required to
The strongly forward-scattered microchannel 2 exhibitsexplain the direct reaction dynamics; therefore, no hydrogen
a strongL —L ' correlation and requires that the incorporatedmigration from propenediylidene to vinylidene or propar-
carbon atom and the leaving hydrogen must be located ogylene contributes to the forward scatter€¥). As men-
opposite sites of the rotation axis in the decomposing tripletioned above, a decomposing propenylidene complex itself
C;H, complex. This condition alone limits potential frag- excited toA-like rotations would explain the forward peaked
menting triplet complexes to propenediylidene rotatingT(6), but fails to account for the decreasing cross section
around itsA axis, propargylengA/C-like rotationg, cyclo-  with increasing collision energy.
propenylidene(A/C-like rotationg, and vinylidenecarbene The assignment of a triplet cyclopropenylidene enables
(B-like rotations. Since the reaction follows direct, stripping us to identify rotations around the A-axis. Figure 14 outlines
dynamics and th& (6)s strongly peak a#=0, a large range this approach geometry of(@;) toward the acetylene mol-
of impact parameters contribute to the reactive scatteringcule. As evident, the second out-of-plane H atom is nearly
signal?® Therefore, (Cng) insertion into the acetylenic C—H perpendicular to the plane and can likely be ejected almost
bond to propargylene can be excluded as well; the absence pfstantaneously after C—H bond rupture backwards with re-
insertion intermediates in reacti¢h0) was already outlined spect to the carbon trajectory, whereas th€;H proceeds
in the previous paragraph. Therefore, microchannel 2 has tim the forward direction. These direct stripping dynamics

proceed via propadienylidene or cyclopropenylidene. account for the strongly forward peakd&d6)s of micro-
The deviation of the energy dependent relative cross se@hannel 2.

tions at 8.8 and 28.0 kJ mol from the classical capture
theory resolves the reaction dynamics. Although the detaile
structure of the molecule does not play a role within the  The collision energy dependent shapes of B{&)s
simple capture framework, chemical forces must be takemnveil valuable information on the chemical dynamics be-
into account, if the capture radius is on the order of the variween the moment of the triplet;H, complex formation and
der Waals dimensions of the acetylene molecule. This leadhe separation into products. A¥(E;)s peak between 5 and
to an alteration of the simple orbiting picture and focusses o6 kJ mol '}, suggesting a loose exit transition state without
the electronic structure of the acetylene molecule. As thany significant interaction between the departingl Gomer

orbiting radius decreases with rising collision energy, reac-
A t e

FIG. 14. Schematic reaction pathways dff) with C,H,(X =) on the
triplet surface. Upper: reaction to-1C;H via s-transpropadienylidene and
propargylene. Lower: reaction C;H via triplet cyclopropenylidene.

2. The forward-scattered microchannel

g. Exit transition states

J. Chem. Phys., Vol. 106, No. 5, 1 February 1997

Downloaded-12-May-2006-t0-128.171.55.146.-Redistribution-subject-to-AlP-license-or-copyright,~see-http://jcp.aip.org/jcp/copyright.jsp



Kaiser et al.: Reaction of carbon with hydrocarbons. Il| 1739

and H atom beyond the critical configuration. This frame-As obvious from the potential energy well depth of all triplet
work should correlate with only minor geometry changesC;H, isomers relative to the reactants and products, triplet
from the decomposing triplet £, complexes tol/c-C;H propargylene is expected to hold the highest lifetime. Since
isomers, as evident from the molecular dimensions. Comthe fragmenting methylpropargylene complex shows an os-
pared to triplet propargylene, the C—C and C—H distancesulating behavior at 33.2 kJ md), the reduced number of 9
alter by less than 0.07 A ih-C5H, i.e., virtually unchanged (propargyleng versus 18(methylpropargylenke vibrational
C—-H bond, a C—C bond distance change from 1.28 A to 1.24nodes suggests a short-lived propargylene complex with a
A and 1.35 A, respectively, a bending angle of the thredifetime less than its rotational period of 1.5-2.7 ps around
propargylene carbon atoms deviating by only 8.1° from thehe G, symmetry axis, at least at a collision energy of 45.0
linear geometry, and &-C—C bond angle widened from kJmoll. Due to the symmetric exit transition state to
156.5° to 180°. Larger geometry changes up to about 0.3 &-C;H, no explicit information on the propargylene lifetime
are found in the cyclic ¢H isomer as compared to triplet can be derived. However, future experiments (J?F(j:) with
c-C5H,: alternating C—C distances of 1.45, 1.30, and a C—Hpartially deuterated acetylene,lD, are aimed to break the
distance of 1.07 A show almost identical C—C lengths ofC, symmetry of the propargylene intermediate. This ap-
1.37 and 1.38 A inc-C;H, and the C—H bond increases proach explicitly reveals the transition from a long-lived to
slightly from 1.07 A to 1.08 A. Likewise, the three carbon an osculating complex with increasing collision energy as
andH1 of c-C3H, are almost in one plane as found in the found very recently for the reaction of atomic nitrogen with
C,, symmetricc-C;H isomer. The order of magnitude of the acetylene to a triplet HCCN isomer and atomic hydrégen
exit barrier of 5-16 kJ mot® is consistent, if we (jr:ompare to as the collision energy rises from 12.6 to 37.7 kJ ol
P(E+)s of reaction(10) peaking at 30—60 kJ mot. Here, a 2 I+

simple, nearly barrierless bond rupture of the C—H bond in N(*D)+CoHz(X "2g)—~HCCN+H. (12)
the CH; group would localize electron density on the termi- 3 .
nal carbon atom. The accompanying electron delocalizatioff- OCP)+CaHa(X 25)

over the G carbon skeleton, however, induces an additional ~ The dynamics of the reaction(ﬁpj) with C,H,(X 1E§)
change in electron density to an increased exit barrier. Thesgere elucidated recently in our grdand depict two chan-
findings associate with simple correlation diagrams or'ghe nels initiated via attack of the oxygen atom teraorbital of
surface under Csymmetry and show a correlation of the one acetylenic carbon ®transHCOHC on the’A” surface.
ground state cyclopropenylidene as well as propargylene sufFhis long-lived intermediate either fragments directly to the

face with ground staté/c-C;H. ketenyl radical, HCCOX 2A"), and H or undergodd,2]-H-
migration to triplet ketene prior to CHiX ®B;) and
V. COMPARISON WITH RELATED SYSTEMS COX 3% decomposition. As outlined in Sec. IV B, a direct

A. C(3P)+CH,CCH(X'A,) C—H bond rupture ofs-trans propenediylidene to H and
' j 3 1 I-C5H is energetically not accessible, since thé;H had to
The chemical dynamics tbC;H show strong similari- rotate around its internuclear axis. The ketenyl radical, how-
ties with the reaction of CP]-)+CH3CCH_10 Here, Q3Pj) ever, possesses a bent geometry in its electronic ground state,
attacks both perpendicular acetylenie-MOs to triplet  andA-like rotations can be excited. Further, a hydrogen shift
s-transmethylpropenediylidene as well. The initial collision from propenediylidene to triplet vinylidenecarbene could be
complex undergoes a simild®,3]-H-migration to methyl- covered, but the subsequent exit channel tg Cox°B;) and
propargylene which decomposesrteC,H, and H. Further, Cy (X 'S}) similar to the CH(X ®B;) and C@X '*) chan-
recent matrix studies via FTIR spectroscopy show transfornel cannot be opened up at collision energies up to 45.0
mation of propenediylidene to propargylene upon heating thi&J mol™* applied in our experimentéTable ). Likewise, a
argon matrix from 10 K to 36 K and imply a barrier less thanhydrogen shift similar to §2,3]-H-rearrangement in pro-
1 kJ mol? for the involved H migration® This low barrier ~ penediylidene to form propargylene would yield triplet
is consistent with thg2,3]-H-migration prevailing even at hydroxy-acetylene, but the keto-enol equilibrium is expected
highest collision energies of 45.0 kJ mdl The increased to favor the HCOHC keto structure. Finally, formation of a
exit barrier of 30—60 kJ motf to n-C,H, [reaction(10)] ver-  cyclic triplet oxirane collision complex might involve an en-
sus only 5-16 kJ motf to I-C;H correlates with a stronger trance barrier resulting from electrostatic interaction of the
electron reorganization from the decomposing triplet methdoubly occupiedp-orbital with the closed shell acetylene
ylpropargylene complex as compared to triplet propargylengnolecule. Compared to the(ﬁ?j)JrCsz(X 12‘g) encounter,
to the products. A triplet methylcyclopropenylidene collision this p-orbital is vacant, and the electrostatic interaction is
complex analogous to unsubstituted tripte€;H,, however,  eliminated.
could not be identified. Here, the methyl group very likely
redyces the cone of acceptanc_:e and sqreegzseapproach 9€QM- ASTROPHYSICAL IMPLICATIONS
etries to form the triplet-C,H, intermediate®
The alternative interpretation of a long-livedH, colli- The cyclic and linear ¢H isomers have both been iden-
sion complex contributing to a symmetriq 6) can be dis- tified toward the dark molecular cloud TMC-1 and the car-
missed, if we compare the center-of-mass angular distribubon star IRG-10216. In dark clouds, typical ratios of the
tion of this reaction with those of(é]Dj)JrCHgCCH(X A). cyclic versus the linear isomer are near unity, but decrease to
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0.2+0.1 around the carbon star. Especially the circumstellaC;H, isomers trapped as singlet dimethylthioesters in oxida-
shell at distances between’t@nd 16° m contains a gH, tive acetylene flamé3and suggests reactive intermediates in
as well as CP;) reservoirl" and formation of GH via  the CVD process to synthetic diamorits?

neutral—neutral reaction very likely takes place. Our results
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