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The reaction between ground state carbon atorffﬁ?jg; and acetylene, 5EI2(12g ), was studied at

an average collision energy (8.4+0.3) kJ mol ! using the crossed molecular beam technique. The
product angular distribution and time-of-flight spectranoz=37, i.e., GH, were recorded. Only
m/z=37 was detected, but no signal from the thermodynamically accessitiE G+ H,('= )
channel. Forward-convolution fitting of the results yielded a center-of-mass angular flux-distribution
forward scattered in respect to the carbon beam, whereas the translational energy flux distribution
peaked at only5.4+1.2) kJ mol™ %, suggesting a simple C—H-bond-rupture te-8;H. The reaction

likely proceeds on the triplet surface with an entrance barrier to thel,-<PES of
<(8.4+0.3) kJ mol ! via addition of the carbon atom to two bondimgorbitals located both at C1

or at C1 and C2 of the acetylene molecule. The explicit identificationgbf @oduct under single
collision conditions strongly demands incorporation of atom-neutral reactions in reaction networks
simulating chemistry in the interstellar medium, in interstellar shock waves, and in outflows of
carbon stars. €1995 American Institute of Physics.

I. INTRODUCTION ity of generation of GH from neutral reactants, e.g.,
_ , _ o . C(P;) +C,H,(*=g) has not been considered in the past. This
Chemical reactions of atomic carbon in its electronicgjngie step mechanism does not require a protracted chain of

ground state CP,) are of major Importance in combustion g,ccessive collisions under conditions with reactant number
processes;® hydrocarbon syntheses? and interstellar yonsities between 168 and 104 cm-2,

chemistry*~7 In the interstellar mediuniSM), i.e., the mat-

i In order to demonstrate the importance of reactions of
ter between the stars of our 39.alaxy, and in the outflow ofye gl species, systematic experiments need to be carried
carbon stars, e.g., IRE102165 isomers of GH and GH.,

, i X : out to probe the detailed mechanism and dynamics of such
e,  propynylidyne (linear-GH)/cyclopropynylidyne  a1om_neutral and radical—radical reactions &¢) +C,H,
(cyclo-C;H) and cyclopropenylidene/vinylidenecarbene, areyq CH2Il,,,)+C,H,(x=1,2,3,4. In our Communication,

among the most abundant molecules, with number densiti§$a focus on the reaction (8P ) +C,H,(*=;) studied under

N —8 . . _ . X o 7. ] : g

~10"" relative to H. Current reaction-networks explain gingje.collision conditions as provided in crossed-beam ex-
their formation via elaborate, multiple ion—molecule periments. These detailed insights in the reaction dynamics

H .9
reactions’ reveal possible reaction pathways tgHaisomers, valuable
C,Hp+CH—l/c-CoH™ +H, (1)  information on the GH and GH, potential energy surfaces
. N (PES as well as hitherto undetermined enthalpy of forma-
I/c-C3H™ +Hy—c-C3Hz +hw, (2 tions ofl- andc-CsH.
l/c-CqHy +e—1/c-CgH+H (3)

IIl. EXPERIMENT AND DATA PROCESSING

—l1/c-CsH+2 H (4) The experiments were performed with a universal
—1/c-CgH+Hs,. (5)  crossed molecular beam apparatus described in Ref. 12 in
) ) detail. Briefly, a pulsed supersonic carbon beam was gener-
This approach, however, neither reproduces column densiiaq via laser ablation of graphite at 266 Hihe 30 Hz,
ties, isomer ratios, nor isotope enrichméhts.addition, the (40+2) mJ output of a Spectra Physics GCR 270-30 Nd-
exact electron density necessary for dissociative recombinaag |aser is focused onto a rotating graphite rod with a
tions (3—9 can only be estimated within two orders of mag- 1009 mm focal length UV-grade fused silica lens to a spot of

nitude. Furthermore, not all cross sections of ion—molecul30_5io_05 mm diameter. Ablated carbon atoms are subse-
reactions are experimentally accessible, but rather apProXkuently seeded into neon gas released by a Proch—Trickl

mated as Langevin cross sections, i.e., exothermic ionbulsed valve operating at 60 Hz, §6 pulses, and 4 atm

molecule reactions proceed within orbiting cross sectfon. backing pressure. Densities @ 7+0.3+ 10" C atoms cm®
rii‘i;gﬁ?g vr\]/(;\:\(lae;g,erer:itrr\aegcteo t(’g”f%fﬁojrr‘;te;’g;a:(fffr’:]heermi&the interaction region are achieved. 1Neither carbon ions
role of ion—molecule reactions in interstellar formation of gg (rj1gtrei[[ee(grsvl?;ﬁia::lxmee)(c&tgtdeggjn) ﬁr;lcé SOJ? :ﬁg%ﬁ;g:ﬂgme
some of these species is thus open to question. The possibjl;; spectromet&tA chopper wheel mounted 40 mm after
the laser ablation zone accomplishes selecting s Geg-
dAuthor to whom correspondence should be addressed. ment of the carbon pulse. The pulsed carbon beam with a
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FIG. 1. Lower: Newton diagram for the reaction®e;)+C;H,(*Sg) ata  FIG. 2. Time-of-flight data for laboratory angle 42.5, 47.5, 52.5, 62.5, and
collision energy of 8.8 kJ mot. The circle stands for the maximum center- g7.5°.
of-mass recoil velocity of the {i-product (see text Upper: Laboratory
angular distribution of product channel az=37. Circles and error bars
indicate experimental data, the solid line the calculated distribution.
additivity rules estimate €P;) +C,Hy(*S ) —C3H+H to be
velocity v=(1177+3) m s * and speed rati®=(6.4+0.05 exothermic 69 kJ mot'. Nevertheless, this value is not con-
and continuous acetylene bedm=(866=7) m s %, S=(9.3  sistent with the acetylenic like C—H bond ofi€ as deter-
+0.1), (563+6) Torr backing pressuilepass through skim- mined via FTIR spectroscopy:the dissociation energy of
mers with apertures of 1.0 mm and 0.58 mm and cross at 9¢he C—H bond gHeCSGEJ) +H(®S,, is calculated to be
in the interaction region. 372 kJ mol'%, lower than typical aliphatic carbon—hydrogen
The scattered species were monitored using a triply difhond strengths of 400 kJ mdl Alternative reaction enthal-
ferentially pumped detector consisting of a Brink-type pies are obtained by imposing different C—H bond dissocia-
glectron-lr&gqct-lonize]ﬁ quadrupole mass-filter, and a Daly jon energies of model hydrocarbons, and yield reaction en-
ion detector’ in 2.5° steps between 7.5° and 67.5 W|th re-thalpies to GH-+H(2S,,) between—114 (C—H bond in
spect to the carbon beam. The electron energy was opt|m|zeé{h‘,jmee and —253 kJ mol'* (C—H bond in acetyleneThese
t0 200 ev W.'th an emission purrent of 8'5 _mA. exothermicities allow calculation of the maximum recoil ve-
Information on the reaction dynamics is extracted from .. S .
locities of the GH-fragment, shown as a limit circle in the

the TOF-spectra and the laboratory angular distribution b){(_ tic di _— : tational and vib
using a forward-convolution techniqd®This iterative ap- < nematic diagram Fig. 1, assuming no rotational and vibra-
tional excitation of the gH product.

proach initially guesses the angular flux distribution in the i , )

center-of-mass(COM) coordinate systemT(6,), and the ~  Reactive scattering sllgnal was i)bserved oniyéet=37,
translational energy flux distribution in the COM system, -€- GH (Fig. 2; no Gy 2g) +Hy(*Zq)-channel was de-
P(E+) assumed to be independent of each other, and convdected. Time-of-flight spectra for several scattering angles are
lutes over the experimental parameters to obtain simulationshown in Fig. 2. Reaction of carbon with acetylene-dimers to

of the experimental result. C,H3+C5H does not contribute to the signal within the de-
tection limits of the experimental setup because the signal
Ill. RESULTS AND DISCUSSION intensity scales linearly with the,8, number density in the

The thermochemistry of @Pj)JFCZHZ(lEg) opens two interaction region. The laboratory angular distributidfig.
energetically accessible product channels, i.gH-€H and 1) Peaks at 55° near the center-of-mass angle at
Cy+H,. Reaction to Gin its 'S electronic ground state is fcow=(58.8£0.8)°. The product distribution was fitted with
exothermic by 129 kJ mof, and has to proceed via inter- @ center-of-mass angular flux distributioi(6c) forward
system crossing from the initial triplet to singlet surface. Un-scattered with respect to the carbon beéfig. 3) and a
fortunately, the GH enthalpies of formation and relative sta- center-of-mass translational energy flux distributi®(E+)
bilities of linear—cyclic isomers are not known. Simple peaking at only(5.4+1.2) kJ mol?, indicating nearly a
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FIG. 4. Energy level diagram for the reactior(3Bj)+C2H2(125): (@)
triplet-propargylene, (2) triplet-vinylidenecarbene, (3) triplet-
cyclopropenylidene(4) triplet-trans propenediylidend5) triplet-cis pro-
penediylidene. The reacting carbon atom is designed;as C

7(0)

Therefore, a reaction via triplet-propargyle(l® can likely
be ruled out.
The forward peakingT(6:) in respect to the carbon
beam suggests the reaction proceeds in a direct fashion via
o.oO 5'0 1(')0 1éo triplet-cyclopropenylidene(3), vinylidenecarbene(2), or
Center of Mass Angle (deq) tiplet-cis/transpropenediyliden&4/5) with a life-time of less
9 9 than one rotational period. The initially formed
—— c . it flux distribution for th ~ CsHy-collision complex has to perform a prolate rotation
. 3. Lower: Center-of-mass anguilar tlux istribution for the reaction H H H H H
C(3Pj)+C2H2(1E) at a collision energy of 8.8 kJ mol. Upper: Center-of- around the prlnC|paI axis with .the !eav[ng hydrogen an(.j the
mass translational energy flux distribution for the reactic(ﬁPQ+CzH2 added carbon atom on opposite sites '_n order to explam the
(*2) at a collision energy of 8.8 kJ mal. backward-peaking of the {fH-product in respect to the
acetylene-beam. Due to the low reduced mass of 0.974 amu
in the exit channel to §4+H, angular momentum conserva-
simple barrierless C—H bond rupture process 481.C tion demands ¢H to be strongly rotationally excited:
The energy diagram in Fig. 3 outlines four different re- hydrogen—bond rupture at C2 gis/transpropenediylidene
action pathways: insertion of(é;pj) in the C=H-bond of an (4/5) fulfills this condition and could populate high rotational
acetylene molecule leads to triplet-propargylébeon theA  levels of I-CH-product. Likewise, bond-rupture at C2 in
or B surface (point group G; AG;°=551 kJmoll®  cCis-propenediylidene(5) might excite rotational levels as
whereas addition of the electrophile carbon atom to carbof§@n be treated as a linear combination of the doubly degen-
centers on Cl- and C2-atoms in,HG forms triplet- erate bending mode &iC;H. Alternatively, rearrangement of
cyclopropenylidene (3) (point group G AG;°=706 (4/5) to triplet-vinylidenecarbeng?2), followed by C—H-
kJ mol 1:19-25A surface. The final pathway$4)/(5) involve bond cleavage, fulfills the angular momentum criterion. Fi-
attack of two perpendicular Cgorbitals to both perpen- nally, an amsotropm exit potential in the triplet-
dicular 7—MOs on C1 yields tripletis/transpropendiylidene cyclopropenylidend3) PES could populate rotational levels
. ) N _ 1 of ¢c-C;H after C—H-bond cleavage. The poor coupling be-
(@/(5) (point group G; AG® (ran9=779 kjmol, tween the initial and final orbital angular momenta in this
AG;° (cis) 859 kJ mol1®25 A" surfacg. Finally, matrix 9

studies via FTIR spectroscopy show transformatio(gf5) system accounts for the weakly pOIa”Z-.édeC). (Fig. 3. .

to triplet-vinvlid b int CAG.o=T727 At the present stage, we cannot identify the reaction
o trp el'\llg_]g' enecar ef‘@) (point group Q”.’ f pathway unambiguously. However, future experiments will
kJ mol” 3 upon heating the argon matrix from 10 K to

. ) - 0 increase the center-of-mass collision energy #4660
36 K, implying a barrier less than 1 kJ molfor [2,11H- | 3 o2 within orbiting limits, the additional collision en-
migration in propenediylidene.

) 3 ) ergy should reduce the maximum impact parameter and re-
Insertion of G°Pj) into the C—H bond is expected 10 gyt in a less polarized center-of-mass angular flux-

involve a significant entrance barrier. To our knowledge, nQgjstribution. Further, reactions of (@pj) with deuterated
insertion of a triplet-species into @-H-bond has been re- 5cetylene ¢D, and methyl-acetylene Gj@,H shift the re-
ported yet with a barrier less than o(8.4+0.3) kimol''  quced mass from 0.974 am(C;H+H), to 1.897 amu
collision energy; typical entrance barriers range between 2@C3D+D) to 10.673 amu(CHz+C5H). Under these condi-
and 100 kJmol'.*® Additionally, reaction via triplet- tions, for the GH product, the increased reduced mass and,
propargylene (1) should vyield a forward—backward- hence, final orbital momentum can reduce the rotational ex-
symmetricT(6c) due to the deep well of the collision com- citation. Finally,ab-initio calculations on the equilibrium ge-
plex in respect to the reactants and+8;H products. ometry of(1)—(5) and the transition-state frequencies are in

Downloaded-12-May-2006-t0-128.171.55 % A& S ¥Rl 105eNo @30 5. ReGRMISFA39B right, ~see—http:/jcp.aip.orglicp/copyright.jsp



10398 Letters to the Editor

preparation. Comparisons of the complex-lifetimes eluci- !Reactive Intermediates in the Gas Phasdited by D. W. SetsefAca-

dated via the osculating complex model and RRKM-based_demic, New York, 1978

reaction rate constants should identify the collision Complex2$§§3tive Intermediatesdited by R. A. AbramovictiPlenum, New York,

unambiguously. _ _ 3Short-Lived Moleculesedited by M. J. Almond(Ellis Horwood, New
Although atom-neutral reactions have been discussed for g 1999.

over a decade to influence interstellar column densitifs, “k. Roessler, H. J. Jung, and B. Nebeling, Adv. Space Res., 41 $3).

they are only slowly being incorporated into interstellar re- °K. Roessler, Radiat. Ef89, 21 (1988.

action networks, predominantly owing to assumed order-ofGE-E;é;aise" R. M. Mahfouz, and K. Roessler, Nucl. Instr. Mett6 8 447

magnitude aqvamagf of ion-molecule rate CPQStants,Ygzatom’_E. Herbst, H. H. Lee, D. A. Howe, and T. J. Millar, Mon. Not. R. Astron.

neutral reactiongk(C*+C,H,)=(2.6+0.3*10 % cm®s™?, Soc. 268 335(1994).

k(C(3Pj)+C2H2)=(2.Ot0.1)*10_10 Cm3 5_1727 both at 293 8S. C. Madden, inChemistry in Spageedited by J. M. Greenberg, V.

K]. The ratio of G<‘3Pj) to singly ionized carbon ranges from  Pirronello (Kluwer, Dordrecht, 1991 p. 437.

30 to 25G% in interstellar clouds and outflow of carbon stars, 195- Yamamoto and S. Saito, Astrophys363 L13 (1990. _

however, clearly undermining the order-of-magnitude rate RH:ﬁié:rgzagg\it;dx?ér(?TJrrr]]is\/teer"s';/tIOIe()C:flgrr deegg;O” Dynamics and

constant advantage of ion—molecule reactions as comparedy 1 Bates, Astrophys. &75 833 (19{’)3_ ' '

to atom-molecule reactions. Typically, molecules as well aszy, 1. Lee, J. D. McDonald, P. R. LeBreton, and D. R. Herschbach, Rev.

atoms in molecular clouds hold equilibrium translational Sci. Instr.40, 1402(1969.

temperatures of 1620 K. Although the collision energy in in- I. Kaiser and A. G. Suits, Rev. Sci. Instto be publishep

our experiments are close to 1000 K, theoretical calculationg, & ©- Brink, Rev. Sci. Insti37, 857 (1966.

as well as bulk’ and crossed beam experiméftidicate mg' ?'IEUaSIZ’ EﬁvbStcr:'els?sstﬁﬁifféi(éggoéalifomia Berkele979

the C(spj) +C,H; reaction proceeds without entrance barrierirygitpy, Texan Christian Universityprivate communication, 1995

within orbiting limits 1° i.e., a rising cross section with de- 1%R. Herges, University of Rimberg(private communication

creasing translational energy. Additionally, the temperaturégJ. M. Bofill, J. Farras, S. Olivella, A. Sole, and J. Vilarrasa, J. Am. Chem.

in outflow of carbon stars range between 100 and 5500 K, S0C:110 1694(1988.

. . . 3p G. Maier, H. P. Reisenauer, W. Schwab, P. Carsky, V. Spirsko, B. A. Hess,
Hence, formation of interstellar & via C(°P;)+C,H, and L. J. Schaad, J. Chem. Phgd, 4763(1989.

yields a more realistic approach than postulated ion molecule ;| ee A Bunge, and H. F. Schaefer, J. Am. Chem. 967, 137
reactions(1)—(2) and(4)—(5). (1985.
22y Jonas, M. Bame, and G. Frenking, J. Phys. Che®6, 1640(1992.
BH, Clauberg, D. W. Minsek, and P. Chen, J. Am. Chem. Sidel 99
(1992.
ACKNOWLEDGMENTS 24R. Herges and A. Mebel, J. Am. Chem. Sa&6 8229(1994.

o . 25\, J. Hehre, J. A. Pople, W. A. Lathan, L. Radom, E. Wasserman, and Z.
R.L.K. is indebted the Deutsche Forschungsgemeinschaftr wasserman, J. Am. Chem. s@g, 4378(1976.

for a post-doctoral fellowship. We thank Prof. H. Reisler, 2°T. A. Albright, J. K. Burdett, and M.-H. Whangb@rbital Interactions in
USC, for valuable discussion regarding the carbon sourcez.70hemistry(Wilem New York, 1985. .
This work supported by the Director. Office of Energy Re- D. C. Clary, N. Haider, D. Husain, and M. Kabir, Astrophys422, 416

. : 7 . . (1994.
sggrgh, Office of Basic Energy Sciences, Chemical Smencasl Le Bourlot, G. P. des Forets, E. Roueff, and P. Schilke, Astrophys. J.
Division of the U.S. Department of Energy under Contract 416 187 (1993.

No. DE-AC03-76SF00098. 29R. I. Kaiser, Y. T. Lee, A. G. Suits, J. Chem. Phym be publishel

Downloaded-12-May-2006-t0-128.171.55 % ABN&RL S u ¥Rl 1905ieNo@3a 5. ReSRMISF AR right, ~see—http:/jcp.aip.orglicp/copyright.jsp



