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Crossed-beam reaction of carbon atoms with hydrocarbon molecules.
V. Chemical dynamics of n-C,H; formation from reaction of C (3Pj)
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The crossed molecular beams technique was employed to investigate the reaction between ground
state carbon atoms, ?R]—), and allene, HCCCH,(X 'A,), at two averaged collision energies of

19.6 and 38.8 kJmol. Product angular distributions and time-of-flight spectra gH{were
recorded. Forward-convolution fitting of the data yields weakly polarized center-of-mass angular
flux distributions isotropic at lower, but forward scattered with respect to the carbon beam at a
higher collision energy. The maximum translational energy release and the angular distributions
combined withab initio and RRKM calculations are consistent with the formation of th€,H;

radical in its electronic ground state. The channel toitliaHs isomer contributes less than 1.5%.
Reaction dynamics inferred from the experimental data indicate that the carbon atom attacks the
mr-orbitals of the allenic carbon—carbon double bond barrierless via a loose, reactant-like transition
state located at the centrifugal barrier. The initially formed cyclopropylidene derivative rotates in a
plane almost perpendicular to the total angular momentum vector arouBehitiss and undergoes

ring opening to triplet butatriene. At higher collision energy, the butatriene complex decomposes
within 0.6 ps via hydrogen emission to form theC,H; isomer and atomic hydrogen through an

exit transition state located 9.2 kJmblabove the products. The explicit identification of the
n-C,4H; radical under single collision represents a further example of a carbon—hydrogen exchange
in reactions of ground state carbon atoms with unsaturated hydrocarbons. This channel opens a
barrierless route to synthesize extremely reactive hydrocarbon radicals in combustion processes,
interstellar chemistry, and hydrocarbon-rich atmospheres of Jupiter, Saturn, Titan, as well as Triton.
© 1999 American Institute of Physids50021-960809)01617-7

I. INTRODUCTION only i/n-C,H; isomers are expected to play a crucial role in
. . ) o formation of the first aromatic ring, the phenyl radicgHz,

The chemical reactivity and formation of distinct struc- i the three body reactidin- C,Hs+CoHy+M—CgHg+M.
tural isomers of hydrocarbon radicals is of major importancgere represents the third body collision partiegndn-
in comb.ustion chemistry, chemical processes in hydro— the iso and normal g5 isomers, respectivefyOn the other
carbon-rich planetary atmosphefesnd outflow of dying hand, cyclic GH; isomers are expected not to form aromatic
carbon stars as well as interstellar clouds and hot m°|eCU|a§pecies. In addition, {15 isomers together with other hydro-
cores? In oxygen-deficit combustion flames, for example, carhon radicals are likely to be formed in extraterrestrial en-
vironments such as cold, molecular clouds and planetary at-
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b)kaiser@PO-iamS-Sinica-edU-M o the moons Titan and TritohRecent support is based on the

 Electronic mail: mebel@po.iams.sinica.edu.tw observation of the carbon—hydrogen exchange channel in
Electronic mail: agnes@gate.sinica.edu.tw . . -

9E|ectronic mail: hcshaw@po.iams.sinica.edu.tw crossed-beam reactions of atomic carb(gﬁR;I with unsat-

®Electronic mail: ytlee@gate.sinica.edu.tw urated hydrocarbons, cf. reactiofl9—(5):

0021-9606/99/110(21)/10330/15/$15.00 10330 © 1999 American Institute of Physics

Downloaded 09 May 2006 to 128.171.55.146. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 110, No. 21, 1 June 1999 Kaiser et al. 10331

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 angl@cy, compo-
sition of the carbon beam, and flux factgr=n(C)* n(H,CCCH,)* v, in relative units, with the number density
of theith reactanin; and the relative velocity, .

Beam vg, mst S Econ, kI molt Oem C.:C,:Cq f,
C(P;)/Ne 1894:20  3.0:0.2 19.6:1.0 55.0-:0.6  1:0.7:0.8 1.0
C(P;)/He 2784:23  3.5:0.3 38.8-1.4 44206  1:02:0.85 1504
H,CCCH, 812+10  8.2:0.4 - - - -
C(3pj) +CHo(X 12;)—>I-C3H(X 2014, +H(%Sy), velocity distribution of the products was recorded using the

time-of-flight (TOF) technique choosing a channel width of
—¢-C3H(X?B2) +H(®S2), (1) 7.5 us. Information on the chemical dynamics of the reaction
C3P,) + CHy(X LA,) — CoHa( X 2B,) + H(2S,,) ) was gained by fitting the TOF spectra and the product angu-
e g ¥ 2 vl lar distribution in the laboratory framéLAB) using a
C(®Pj) + CHzCCH(X 'A;)—n-CH3(X ?A") +H(?S;,),  forward-convolution routiné® This approach initially as-
3 sumes an angular flux distributidr( #) and the translational
3p. 1pr 2R J2An 2 energy flux distributiorP(E+) in the center-of-mass system
COP)+ CHo(XTAT) = CaHs(X B2 PAT) + HS1), (CM). Laboratory TOF spectra and the laboratory angular
distributions were then calculated from the3¢6) and
C(®Pj) +C3Ha(X ?B) —»CyHo(X "2 ) +H(*Sy).  (B)  P(E;) averaged over the apparatus and beam functions. Best
TOF and laboratory angular distributions were archived by

In this paper, we elucidate the intimate chemical dynam- _ o ¢
iteratively refining adjustabl&(6) andP(E;) parameters.

ics of the atom-neutral reaction of ﬁ-‘{j) with a second
C;H, isomer, allene HCCCH,(X tA;) under single collision
conditions at two collision energies of 19.6 kJ mbland il AB INITIO AND RRKM CALCULATIONS

38.8 kamol™. Our findings are compared with the reaction  The geometries of the reactants, products, various inter-
of C(®P;) with methylacetylene, CECCH(X *A;) studied mediates, and transition states for the®’) + H,CCCH,
earlier. Energy-dependent, triply differential cross sectiongeaction were optimized using the hybrid density functional
are derived from the experimental data and then combineg3LYP method, i.e., Becke’s three-parameter nonlocal ex-
with state-of-the-argb initio and RRKM calculations to re- change functionat with the nonlocal correlation functional
veal unprecedented information on poorly explored tripletof Lee, Yang, and Paflf and the 6-311G{,p) basis set?
C,H, and doublet GH; potential energy surface®ESS.  Vibrational frequencies, calculated at the B3LYP/6-
These findings expose likely reaction pathways to hithert®11G(d,p) level, were used for characterization of station-
unobserved extraterrestrial,i€; isomefs) and unravel po- ary points, zero-point energ§Z PE) correction, and for the
tential synthetic routes to these radicals in combustion flam@RKM calculations. All the stationary points were positively

chemistry. identified for minimum(number of imaginary frequencies
NIMAG =0) or transition state (NIMAG-1). In some
Il. EXPERIMENTAL SETUP cases, geometries and frequencies were recalculated at the

14
The experiments were performed under single collisiof1P2/6-311G@.p) and CCSDT)/6-311G(,p) level.

conditions using a universal crossed molecular beams appa-_ !N order to g)sbtain more reliable energies, we used the
ratus described in Ref. 7 in detail. A pulsed supersonic carQZM(RCC'MPa method, a modification of the Gaussian-2

bon beam was generated via laser ablation of graphite at 2682MP2)] approacht’ The total energy in G2WRCC,MP2
nm® The 30 Hz, 40 mJ output of a Spectra Physics GCRJS calculated as follows:

270-30 Nd:YAG laser was focused onto a rotating carbore[ G2M(RCC,MP2]

rod, and the ablated carbon atoms were seeded into neon or

helium released by a Proch-Trickl pulsed valve operating at =~ ELRCCSOT)/6-311Gd,p)]+AE(+3df2p)

60 Hz, 80us pulses, and 4 atm backing pressure. A four-slot +AE(HLC)+ZPHB3LYP/6-311Gd,p)], (6)
chopper wheel mounted 40 mm after the ablation zone se-

lected a 9.0us segment of the seeded carbon beam. Table \here

summarizes the experimental beam conditions. The carboRE(+3df2p)

beam and a pulsed allene beam hold at660rorr backing

pressure passed through skimmers and crossed at 90° in the =E[MP2/6-311G(3df,2p)]—E[MP2/6-311Gd,p)]
interaction region of the scattering chamber. The reactively (7)
scattered products were detected in the plane defined by bo#ind the empirical “higher level correction”

beams using a rotable detector consisting of a Brink-type

electron-impact ionizet,quadrupole mass filter, and a Daly AE(HLC)=—523,~0.1%,, 8)

ion detector at laboratory angles in 2.5° and 5.0° steps bewheren, andn, are the numbers o and 8 valence elec-
tween 10.0° and 60.0° with respect to the carbon beam. Thigons, respectively. 1t has been shown that the
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FIG. 1. Lower: Newton diagram for the reaction 3@@) FIG. 2. Lower: Newton diagram for the reaction 3@@

+H,CCCHy(X A,) at a collision energy of 19.6 kJmdl. The circle  +H,CCCH(XA,) at a collision energy of 38.8 kImdi. The circle
stands for the maximum center-of-mass recoil velocity ofrth@,H; isomer stands for the maximum center-of-mass recoil velocity ofrth@,H; isomer
assuming no energy channels into the internal degrees of freedom. Uppeassuming no energy channels into the internal degrees of freedom. Upper:
Laboratory angular distribution of product channehd@e=51. Circles and  Laboratory angular distribution of product channehde=51. Circles and

1o error bars indicate experimental data, the solid lines the calculated disto error bars indicate experimental data, the solid lines the calculated dis-
tribution. C.M. designates the center-of-mass angle. The solid lines originatribution. C.M. designates the center-of-mass angle. The solid lines originat-
ing in the Newton diagram point to distinct laboratory angles whose TOFsng in the Newton diagram point to distinct laboratory angles whose TOFs
are shown in Fig. 3. are shown in Fig. 4.
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FIG. 3. Time-of-flight data atn/e=51 for indicated laboratory angles at a FIG. 4. Time-of-flight data atn/e=>51 for indicated laboratory angles at a
collision energy of 19.6 kJ mot. Open circles represent experimental data, collision energy of 38.8 kJ mof. Open circles represent experimental data,
the solid line the fit. TOF spectra have been normalized to the relativehe solid line the fit. TOF spectra have been normalized to the relative
intensity at each angle. intensity at each angle.
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G2M(RCC,MP2 method gives the averaged absolute devia- L o L L B LIS B
tion of 4.8 kd mol'! of calculated atomization energies from 10k 3
experiment for 32 first-row G2 test compounds. Tdrass- . .
IAN 94,27 MoLPRO 96'® and Aces-I*® programs were em- _o8F E
ployed for the potential energy surface computations. In this Wosf .-
paper, we present only those results necessary to understand & o E
our experimental data. All details are given in a forthcoming ) ]
publication®® 0.2 =
According to the quasi-equilibrium theory or RRKM Fole ) T ITITIV I EN AVRTVIN IFENIINE b N B 7
theory?! rate constank(E) at a collision energyE for a ¢ 50 100 150 200 250 300
unimolecular reactiod* —A*— P can be expressed as Translational Energy (kJmol™)
o WHE-E% L e T L EL
B TE ® 1of _
where o is the symmetry factorW#(E—E") denotes the 0.8 F E
total number of states of the transition stéetivated com- @ 06k -
plex) A* with the barrierE?, p(E) represents the density of = oF ]
states of the energized reactant moleciife andP is the 0.4 E E
product or products. The saddle point metHodas applied 02 F -
to evaluatep(E) andW(E). A simple schen®® where the o) S R T N R B ]
barrier along the reaction coordinate was assumed as an in- "o 30 60 90 120 150 180

verted parabola was applied to incorporate the tunneling cor- Center of Mass Angle (deg)

rections to the RRKM rate constants at the lower COIIISIonFIG. 5. Lower: Center-of-mass angular flux distributions for the reaction

energy of 19.6 kJ mot". C(®P;) +H,CCCH,(X 'A;) at collision energies of 19.6 kJ mdl Upper:
Center-of-mass translational energies flux distributions for the reaction
IV. RESULTS C(®P;) +H,CCCH,(X 'A;) at a collision energy of 19.6 kJ mol. Dashed

and solid lines limit the range of acceptable fits withim drror bars.
A. Reactive scattering signal

Reactive scattering signal was observethéé=51, i.e., R - . —
CuHa, cf. Figs. 1-4. TOF spectra were recorded at IOWerangle of 55.0°. As the collision energy rises, the LAB distri

: . bution shows a slightly forward peaking at 40.0° compared

w}gvﬁgfﬁ S?n;?fa?essV\;ﬁ!‘tb?gesr;?v‘r’]geg:'?ﬁle;éoe':rgzg:msto the CM angle of 44.2°. This result hints to indirect reac-

o 9 . i 9 . e tive scattering dynamics through a long-livegHz complex
originates in cracking of the f&t; parent in the lonizer and vith a lifetime exceeding19.6 kJ mol'Y) or comparable to
that channels 2-5 are ab;_ent under our expenmgntgl concﬁ\fs rotational period(38.8 kJmol?, osculating complex
tions, cf. Table II. In addition, no r.ad'.atlv.e assoc_|at|ons tOFurther, both LAB distributions are very broad and extend to
C4H, (m/e=52) could be detected, indicating that internally 0, 50 0° i the scattering plane. This order-of-
excited GH, collision complexes do not survive under single magnitude together with the,85+H product mass ratio of
collision conditions employed in our experiments. Finally, 43

. _ X 51 points out that the averaged translational energy release
no higher masses than/e=>51 from reaction of Gand G (Et) in the products is large and that the center-of-mass
clusters were observed.

translational energy distributionB(E)’'s peak away from

L zero, cf. Sec. IVC.
B. Laboratory angular distributions (LAB) and TOF

spectra
) ) . C. Center-of-mass translational energy distributions,
The most probable Newton diagrams of the title reactionp( g )

as well as the laboratory anguldrAB) distributions of the i ) )
C,4H; product are displayed in Figs. 1 and 2 at collision en- ~ Figures 5 and 6 present the best fits of the translational
ergies of 19.6 and 38.8 kJ md| respectively. At lower col- €N€rgy distribution® (E+) and angular distribution$( 6) of

lision energy, the LAB distribution peaks close to the CMthe title reaction in the center-of-mass frame. The LAB dis-
tributions and TOF data were fitted with a singR{E+)

extending to a maximum translational energy reldagg, of

TABLE II. Thermochemistry of the reaction &®;) +H,CCCHy(X *A;). 215 kJmol* and 240 kJ maol* at lower and higher collision
Reaction enthalpy at 0 K, energy, respectlvlely. These hlgh_ energy cgtoﬁ_s are accurate
# Exit channel ARH(0 K), k mol* within 25 kJ mol =, If the energetics of distinct isomers are
” . well separatedE ., can be used to identify individual, 85

Lo nGH(XPA) +HCS) —179.9 isomers. The maximal translational energy release, i.e., the
2 HCCCCHX 'S ) +HyX'3]) —450+12 : L . T
3 HCCCCH(X 129*)+2H(2s 5 _18+5 sum of the reaction exothermicity and relative collision en-
4 C4H(X22)+H;(]X 12+)+,f|’(251/2) 472410 ergy, suggests the formation of theC,H; isomer. Here, the
5 Cy(X33g)+2Hy(X 1zgg) +62+15 theoretical calculations expect high energy cutoffs of the

P(E1)’s of Epatheor=19.6 k mol')=199.5 kJmol* and
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FIG. 6. Lower: Center-of-mass angular flux distributions for the reaction

C(3Pj)+HZCCCH2(X 1a,) at collision energies of 38.8 kJ mdl Upper: FIG'. 7 Contour flux map for the reaction %Rj)JrHZCCCI-b(X 1a) ata
Center-of-mass translational energies flux distributions for the reactiorfollision energy of 19.6 kImot. (@) Three-dimensional maptb) two-
C(P;) +H,CCCH,(X 'A;) at a collision energy of 38.8 kJ mol. Dashed dimensional projection.

and solid lines limit the range of acceptable fits withim drror bars.

and 180° of 2.#0.2, the identification of the frag-
Emadtheor=38.8kIJmol})=218.7kImol?, are both in menting complex enables us to use the rotational period
good agreement with our experimental data. The formatiof the complex as a molecular clock to estimate its lifetime
of the 46.9 kJmol! less stablé-C,Hs can be excluded as a (cf. Sec. \J. To explain the forward peaking, the carbon
major contribution, since the maximum energy release is reatom and the leaving hydrogen atom must further be situated
stricted to 153.9 and 173.1 kJmdlat higher and lower on opposite sites of the rotation axis of the fragmenting
collision energy. However, minor contributions might pre- complex®
vail, cf. discussion in Sec. V. Furthermore, bd®{Et)’s The isotropic angular distribution at lower collision en-
peak away from zero as expected from the LAB distributionsergy is the result of a poor coupling between the initial and
and depict a broad plateau between 30 and 50 kJtn@he  final angular momentum vectorks,andL’, respectively, as
fraction of energy channeling into translation of the productsalready observed in crossed-beams react®r(5). If we
is quite large, i.e., 333 and 3G-2% at higher and lower calculate the maximum impact paramebgy,, and the maxi-

collision energy, respectively. mum orbital angular momenturh ., within the orbiting
limit as outlined in Ref. 5o, Yields by.(19.6 kI mol'?)
D. Center-of-mass angular distributions,  T(#) =3.8A, bya(38.8kImol!)=3.2A, Lx(19.6kJmol?)

=1141 and Lp,(38.8kIJmolY)=132:. If we compare
At lower collision energyT(#) is isotropic and symmet-  these numbers with the final orbital angular momentunas
ric arounds/2, cf. Fig. 5. This implies that either the lifetime §erived from acceptablab initio exit impact parameters of
qf the dec_:omposing S, complex is longer than its rota- decomposing triplet ¢4, isomers, cf. Sec. V, we find
tional period 7, or that two hydrogen atoms of theJd,  <(.17.’. Therefore, a large fraction of the initial orbital

intgrzrglediatg can be interconverted through a rotationdhngular momentum is routed into rotational excitation of
axis™ In this case, the light H-atom could be emitteddn ,_c,H,.

and 76 to result in the forward—backward symmetry of

T(6). However, as the collision energy rises, the center-of- ,

mass angular distribution peaks forward with respect to thé Flux contour maps and total relative cross

carbon beaniFig. 6) suggesting a reduced lifetime of the sections

fragmenting GH, complex as the collision energy riséss- Figures 7 and 8 depict the two and three dimensional
culating complex A complex formation takes place, but center-of-mass flux contour plotgd,u)~P(u)*T(6) for

the well depth along the reaction coordinate is too shallowcollision energies at 19.6 and 38.8 kJ mblAs expected

to allow multiple rotations, and the complex decomposedrom the center-of-mass angular distributions, data at lower
with a random lifetime distribution before one full rota- collision energy show a forward—backward symmetric flux
tion elapses. Based on the intensity ratioTgf9) at #=0°  profile. As the collision energy rises, a forward peaking on
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the relative velocity vector is obvious. Integrating this flux
distribution and correcting for the reactant flux as well as
relative reactant velocitycf. Table ), we find an integrated
relative reactive scattering cross section ratio of
0(19.6 kI mol'Y)/o(38.8 kI molt) =1.9+ 0.6 within our er-

ror limits, i.e., a rising cross section as the collision energy
drops. This result together with recent bulk experim&hts
and ourab initio calculations, cf. Sec. V, suggest a barrier-
less, attractive long-range dispersion forces dominated reac-
tion together with a loose, reactantlike entrance transition
state located at the centrifugal barrfer.

V. DISCUSSION

In this section, we present the results of @lr initio
calculations and feasible reaction pathways to distingi,C
isomers via insertion of the electrophile carbon atoms into
the allenic C—H bond, addition to twe-molecular orbitals
located either at two distinct carbon atoms or at the central
carbon atom, and possible intersystem cros$i8€) to the
singlet surface(Sec. VA. The observed CM angular and
translational energy d_istributions are then compared in S_e%G. 8. Contour flux map for the reaction T) + H,CCCH(X 'A,) at a
VB to those distributions expected from possible reactiorncoliision energy of 38.8 ki mot. (a) Three-dimensional map(b) two-
pathways elucidated from owb initio calculations. We il-  dimensional projection.
lustrate that large impact parameters dominate the reactive
scattering dynamics. The reaction proceeds mainly via addiwhich emits an H-atom to form the-C,H,. As the collision
tion of C(?’Pj) to the terminal carbon atoms of the allene energy rises, low impact parameter trajectories might add
molecule to a cyclopropylidene derivativgt, on the triplet C(3Pj) to the central allenic carbon atom followed by ring
surface. This intermediate ring opens to triplet butatrieneclosure to the cyclopropylidene derivativghg,.

E, (kJmol'!) ‘ 2 pe  CotlstH :
p7 >>—\ p8
d: a1 pd

p5
CCP)+C3Hy(allene) é

0.0

L5417 CoH#C(%M)
6.3 CHa2CB J+cyclo-C3H,

FIG. 9. Schematic representation of the lowest-energy pathways on the tripletPES and structures of potentially involved collision complexes. Those
structures designated withi™ indicate intermediates, those withpg” potential C,H; isomers.
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i2, Dag, Ay 116.6 \| 090

1.086 1204 141.4

p6, C, 2A'

1.091

1449 \Re1.097 FIG. 11. Structures of doublet,8; isomers. Bond lengths are given in
R 1.097 Angstroms, bond angles in degrees. Those structures designateditith
i9,Cp,"A indicate intermediates, those withp™ potential C,H; isomers.

FIG. 10. Structures of potentially involved tripleti€, collision complexes.

Bond lengths are given in Angstroms, bond angles in degrees. Those struc- | 3 . _

tures designated withi* indicate intermediates, those withp* potential and i9(C;,°A) through barriers of 181.6 kJmol and
C,H, isomers. 186.2 kdmol®. i8 can fragment through H-atom emission

to form pl or p2,i9 to pl andp8. The barrier for frag-
mentation of i8 are located 29.3 and 11.3 kJmbl
above the products, of9 to pl 24.3kJmol!, and to

1. Addition to the C =C double bond p8 3.0kJmoll. Based onab initio calculations and
our relative collision energies we can conclude that reaction
to p7 is too endothermic to occur. Finally, theb initio
calculations showed that the transition state of the isomeriza-
tion of pl to p2 and vice versa is located 46.1 kJ mbl

the reactants, belongs to ti& point group, and has 3A” above the reactants and hence energetically not accessible

electronic wave function.i¢) ring opens with a barrier of N OUr experiments at collision energies of 19.6 and
39.4 kImol! to triplet butatriene i2;D,q;3A;) which ~ 38-8 kJmol™.

represents the global minimum of the triplefHG potential N ]

energy surfacdPES and is bound by 404.6 kJ mdl. In 2. Addition to the central allenic carbon atom

addition,i1 could lose an H-atom to form the,&; isomer C(3Pj) could attack the central carbon atom of the allene
p3(Cs,2A’). The exit barrier of this process is only molecule without entrance barrier to form a tripletHg
5.9 kJmol'! above the productsi2 either emits an H- diradicali3(C,°B) which is energetically favored by 192.9
atom to form then-C,H; isomer p1(Cs,?A’) through a  kJmol ! compared to C{P;) + H,CCCH,. Here, each termi-
productlike transition state located only 9.2 kJmbol nal allene carbon atom holds one unpaired electron. The fate
above n-C,H;+H or depicts a[1,2]-H migration to form of i3 can be three-fold. First, the barrier to ring closure
C,H, isomeri7(Cs,%A”). The barrier for this migration vyieldingil is only 12.6 kJ mol'. Second, an H-atom migra-
lies below the total available energy of our crossed-tion combined with a ring closure can formyid, isomeri6
beam reactionsi7 can fragment via C—H bond cleavage through a tight transition state 65.7 kJ mblbovei3. 6 is

to three different GH; isomers, i.e.,pl, p2(Cs,%A’), stabilized by 272.4 kJmol with respect to the reactants,
andp7(C,,2A). The exit barriers of these pathways are 25.1belongs to the €point group, and shows 2B electronic
kdmol %, 5.9 kJmol'?, and 0 kImol®. In addition,i7 can  wave function. C—H bond rupture i can yield either gH
undergo two successive H-atom migrationsi 8(Cg,°A”)  isomerp3(Cs,?A’) or p4(Cs,2A’) without exit barrier ex-

A. The C,4H, potential energy surface

The ab initio calculations reveal that éIPJ-) can add
without entrance barrier to one allenie=&C double bond to
form a triplet cyclopropylidene derivativel, Figs. 9-11.
This isomer is stabilized by 265.3 kJ molwith respect to
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E,o; (KJmol ')
\

CCP)+CH (allene)

FIG. 12. Schematic representation of the lowest-energy pathways on the sigiglePES and structures of potentially involved collision complexes.

cept the reaction endothermicity. Likewiseg could ring and do not contain a first order hill top. The low-energy
open through a barrier of 50.6 kJmdlto i7. Third, i3 pathways from the reactants t@ go throughi3 andi6 or
might show a ring closure to forrid(C,, ,°B,) through a i1 andi2.

barrier of 145.2 kJmol*. i4 either shows a barrierless C—H

bond rupture to yield gHz isomerp6(Cg,?A’) or ring opens 4 Intersystem crossing (ISC)

to triplet GH, isomer i5(C,;,3A,barrier=40.1kJmot?) _ _ _ _ .
prior to C—H bond rupture to form g, isomer The triplet GH, isomeri3 fulfils the requirements for a

p5(C,,2A, exit barrier=7.1 kJ mol %) potential intersystem crossindSC), cf. Figs. 12 and 13.
T ' ' Here, the two unpaired electrons are placedpinand p,

orbitals located on both terminal carbon atoms of the former
allene molecule. In this case, orbital angular momentum and
spin can be changed simultaneou®lyor the reaction from
Despite a careful search, no transition states of a3 toil-s, this results in a@— 8 spin flip andp,— p, or-
C(3Pj) insertion into the allenic C—H bond could be bital angular momentum change. Thus the overall angular
found. We started the saddle point optimization from themomentum is conserved, and both unpaired electrons are
geometries with a CCH three-membered ring suggestingow in the plane containing four carbon atoms, ring closure
that the C—H bond of allene is broken and two new bondsto singlet GH, i1-s. i3-s is 31.0 kimol*! less stable than
C—-C and C—H with the attacking carbon atom are formedhe triplet isomer. A frequency analysis shows thais is
during the insertion process. This process would lead directlyot a local minimum, but a transition state to the singlet
to i7. However, the energies of the initial structures areC,H,isomeril-s. i1-s belongs to the&Cg point group, holds
very high. Upon transition state optimization, the C—H bonda fully symmetrictA’ electronic wave function, and is 315.9
of allene is restored, the system descends to the vicinity okJ mol'! stabilized as compared to the reactants. It either
i3 or i1, and the optimization does not converge to aundergoes H-atom migration via a 63.2 kJ mobarrier to
saddle point. This indicates that the trajectories directlyform i6-s (C,,,'A;), or ring opens almost barrierless to
leading from C?Pj)+HZCCCHZ toi7 require high energies singlet butatriené2-s (D, ,1Ag), or decomposes to form

3. Insertion into C —H bond
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could fragment to form the most stablgH isomerpl. All

C—H bond ruptures tpl, p3, andp3 are barrierless.

1.314 1.265

J o S
1214 B. Reaction pathways on C ,H, potential energy

i2-s surface

In this section, the observed chemical dynamics and en-
ergetics are compared to what is expected fromaduinitio
pathways as discussed in the preceding paragraphs. Those
channels not compatible with the experimental center-of-
mass angular and translational energy distributions are dis-
missed. This approach ultimately identifies the remaining
channe(s) as the only possible of®. The high-energy cut-
off of the P(E)’s as described in Sec. IV C strongly suggest
the formation of then-C,H; isomerpl and possibly-C,H;

FIG. 13. Structures of potentially involved singlefH; collision complexes p2. Remaining GH, isomers such ap3 are at least 123.8

l .
and transition state@S). Bond lengths are given in Angstroms, bond angles kJ mol” Ies_s stable thapl and are _eXpeCtEd FO Co_nt”bUte
in degrees. Those structures designated withifidicate intermediates. only to a minor amount to the reactive scattering signal.

1. Pathways to n -C,H;

a. In-plane approach toward the==C bond. What are
p3 and atomic hydrogeri2-s represents the global mini- the underlying chemical dynamics to yietd C,H3? Con-
mum on the singlet ¢4, PES and is bound by 576.6 serving theC—C—C—Cplane as a plane, the singly occupied
kJ mol ! with respect to the reactants. Finally-s can de-  orbitals of CéPj) could interact in-plane with ther orbital
compose via C—H cleavage eitherg8 or p4, whereas2-s  at the carbon—carbon double bond un@gisymmetry on the

x
\n/I
]
KL

2

¥

I

&

¢}

FIG. 14. Approach geometries of mj) toward the allene molecule and involved rotatiof@.in-plane approach toward the=&C bond;(b) out-of-plane
approach to the £-C bond;(c) in-plane approach toward the central carbon atom.
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3A" surface to formi1, cf. Fig. 14a). This pathway supports ; k12, 2
a maximum orbital overlap to form tw6—C-o bonds in the i3 k12 i6 p
cyclopropylidene substructure. Sinte=j’, the four carbon

atoms rotate in a plane approximately perpendiculat to i9

around theC-axis of the prolate ¢H, isomeril which has
an asymmetry parameter= —0.8736. The consecutive ring
opening conserves the rotational agiof the highly prolate
triplet butatrienei 2, x=—0.999 996. Since this complex is kil k10 k13 [k-13
excited toC-like rotations, the added carbon atom and both
H-atoms located at terminal carbon atom are located on op-

posite sites of the rotation axis as required to explain the =
forward peakingT(6) at higher collision energies. These

findings give strong support of the osculating complex model 1
as suggested in Sec. IVD: At lower collision energy, the

lifetime of i2 is longer than the rotational period around the k2
C axis; with increasing collision energy increases, the life- 11

i2 X |pl

time is reduced to less than one rotation period. Based on 1l
these results, a symmetrigld, complex in which H-atoms
can be interconverted through a rotation axis to give rise to &!G. 15. Diagram showing the reaction pathways included in our RRKM
symmetricT(6) at lower collision energy can be dismissed: calculations.

first, rotation ofi2 around theC axis does interconvert any

H-atoms. Second, hypotheticadlike rotations ofi2 around  Taple 11l shows the calculated rate constants with and with-
the G axis could interconvert both H-atoms, but these rota-pyt tunneling corrections for each elementary step in Fig. 15,
tions are energetically not accessible. Here, angular momenmyqg the additionak,, and k; for the reactioni3—i4 and
tum conservation requires theg is excited toj (i2)=1141  j1,p3, respectively. The rate equations derived from Fig.
at a collision energy of 19.6 kImdl. Using theab initio 15 were solved for two cases tHais fromi2, 7,8, andi9
rotational constants of2 of A=4.85151cm* andB=C gare distinguishable and nondistinguishable. Sinitio cal-
=0.12789cm*, and the asymmetric top approximation, culations show no entrance barriers for the atomic carbon
about 63000 kJmof" are needed to excitd-like rotations.  attack of the allene molecule. Moreover, the RRKM theory
Considering a maximum available internal energy of 424.&an be applied only for unimolecular reactions. Therefore, at
kImol™, only less than 0.7% of2 populateA rotational  the present stage we cannot calculate the branching ratio for
states, and most o2 are excited tdC-like rotations as de-  the attack of the €<C bond (pathway 1 toil) versus the
duced above. A final C—H bond rupture i@ yields the central carbon atongpathway 2 toi1). To circumvent this
n-C4H3 isomer, rotating around it€-axis. We like to point  problem, the resulting branching ratios fot andp2 were
out that our proposed chemical dynamics to foneC,H;  expressed as a function of andi3 initial concentrations
through an initial addition to1, followed by ring opening to  which were not known. The computed branching ratios listed
form i2 and a final C—H bond rupture is consistent within Tables IV, V, and VI were obtained by plugging in the
large impact parameters leading to the reaction within orbitassumed composition between the initial concentrations of
ing limits. This overwhelming contribution of large impact i1 andi3 in steps of 0.1. At both collision energies, it is
parameters to the capture process up to 3.8 A was alreadyident that more than 96.7% of the-C,H; isomer is
mentioned in Secs. IV D and E. Here, our relative cross sedormed through decomposition aR. The results of these
tions increase as the collision energy drops, strongly indicatealculations indicate that successive H-atom migrations from
ing no entrance barrier to the reaction. This gains strong2 toi7,i8, andi9 play no role in the chemical dynamics of
support from oumb initio calculations since despite a careful the reaction of atomic carbon with allene molecules.
search no barrier could be found in the entrance channel to b. Out-of-plane approach toward the=8C bond. Be-
form il. Besides our in-plane approach, out-of-plane apsides in-plane approach geometries, we have to take out-of-
proach geometries excitinG-like rotations inil are sup- plane attack ofC3(P,-) to the G=C bond conserving £sym-
ported as well and open larger impact parameters for thenetry as well. As evident from Fig. 1d), these trajectories
reaction. excite predominanthi-like rotations in Eq(1) and—after a

In addition toi 2, the complexeg7,i8, and/ori9 can go  subsequent ring opening—ir2 as well. A final C—H bond
through H-atom emission to form1+H as well. Our ex- fission leads ultimately tm-C,H; isomers inA rotational
perimental data alone cannot identify the decomposing constates. However, detailed energy and angular momentum
plex, and we employ RRKM calculations to tackle this prob-conservation considerations in the previous section already
lem. The rate equations for the title reaction were derivecexcluded A-like rotations of i2 intermediate as well as
according to Fig. 15 and solved with the rate constants coma-C,H; product isomer since they cannot be covered ener-
puted by the RRKM theory. As a result, the concentration ofgetically. Hence, we conclude that these approach geom-
each species present in the reaction mechanism was obtainetties very likely play no contribution in the chemical dy-
as a function of time. The concentration of the products ahamics of the title reaction.
t—o were then taken to calculate the branching ratfos. c. In-plane and out-of-plane approaches toward the cen-

k-11
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TABLE Ill. RRKM rate constants in units a§ ! as depicted in Fig. 15. The  TABLE V. Branching ratio to forrm-C,H, isomers from intermediaté®,
ones computed with tunneling correction are given in parentheses. i7,i8, andi9 at a collision energy of 38.8 kI mdl (i1,3) means the
fraction ofil intermediate to3 intermediates. See text for details.

19.6 kI mol? 38.8 kI mol!
k 201x101  (2.91x10Y) 4.94<10 (iLis) 12—pt et '8—pt 19-p1
1 . . .
k, 8.26x10° (9.08x10°) 1.48x10'° 0,2 152.25 4.54 0.53 0.14
k_, 7.41x10%°  (8.15x10Y) 1.19x10" (0.1,0.9 143.57 4.00 0.46 0.13
ks 1.75x10%  (1.77x10%) 2.84x 101 (0.2,0.8 134.81 3.49 0.40 0.11
K, 2.24x10%  (2.25x 101 4.18x<101 (0.3,0.7 125.95 3.02 0.35 0.09
ks 2.88<10°  (3.09x1010 4.95x10° (0.4,0.8 117.00 2.58 0.30 0.08
K_s 3.28x10° (3.51x10°) 5.83x10° (0.5,0.5 107.96 2.18 0.25 0.07
ke 2.88x10%°  (2.93x10Y) 4.96x10° (0.6,0.9 98.83 1.81 0.21 0.06
k; 3.20x10° (3.22¢x10°) 6.33x10° (0.7,0.3 89.62 1.47 0.17 0.05
kg 6.03x10°  (6.52x10Y) 9.57x10%° (0.8,0.2 80.30 1.17 0.14 0.04
k_g 7.61x10° (8.24x10% 1.25x10%° (0.9, 0.1 70.90 0.91 0.10 0.03
Ko 1.14x10° (1.15x10°) 1.95x10° 1., 0) 61.41 0.67 0.08 0.02
k1o 1.13x102  (1.13x10%) 1.17x10'2
K_10 7.18x10%  (7.20x10'YH 9.09x 10"
Ky 1.34x10%°  (1.34x10%) 1.49x10'
K_11 1.86x10°  (1.87x10Y) 2.51x10%
Ko 5.04<10°  (5.15x10%) 6.65x10'° 1 o ) ) )
K_ 1 1.57x10°  (1.61x10Y9) 2.54x10 and 145.2 kJ mol* for reactiond 3—i6 andi3—i4, forma-
Kiz 4.92<102  (4.95x10%) 5.56x 10" tion of i 1 should dominate these processes due to the lowest
1 1 1 . . . . . -
E—gs 2-50X10§ (2-51><10$) 3-07><10i barrier. This is in strong agreement with our results sirte
kl“b fggjigg Eigﬁigg; 2'?&189 would yield only the GH; isomersp5 and p6. i6 could
® : : : rearrange toi7 which loses an H-atom to form-C4H,.
33-i4. However, angular momentum conservation dictatesithad
b; . . . .
i1—p3. excited toC-like rotations, but the incorporated carbon atom

and the leaving H-atom are located on the same site of the
rotation axis and cannot account for the forward peaked
center-of-mass angular distribution at higher collision en-
ergy. Hence, the reaction sequemn8e-~i6—i7—pl can be
excluded from the discussion as well. Based on our experi-
mental data alone, we cannot quantify the contribution of the

tral C atom of the allene moleculeThe singly occupieg,
and p, orbitals of the carbon atom could add to thg and
7, orbitals of the allene molecule to forn3, Fig. 14c)/(d).
This orbital interaction shows a maximum orbital overlap to

the central carbon atom and formsCa-C—o and C-C-# . X . )

bond via interaction op, with 7, andp, with , orbitals, '3_”]_' sequence fo yielg1. As d|scus§ed above, however,
respectively. These trajectories resultsi & rotating either Iargg impact parameters should dominate the ¢ hemical dy-
around theC [all four carbon atoms rotate in one plane; case 1 2MICS- The attack of éPi) to the central allenic C atom

()] or A axis[case(d)]. As outlined abovei3 can rearrange involves only small impact pa.ramt.aters less than 0.65 A.
t0i1, whose fate is described in S&B 1 a, or toi 6. Hence, Therefore we conclude that this microchannel should con-

trajectories leading té excitations can be ruled out since the g;?ggen tt(()) ?hgng)é E)étrfgto;:(;rlrl]s;eredSi;%eagﬂlslzgt;)fsstozfsi
reaction sequence8—il—i2 would lead toi2 intermedi- the reaction proceeds within orb't'ﬁ limits. the contr'bg?'on
ates which must rotate around théilaxis as well. However, lon p S withi ting fimits, 1out

this rotational excitation is energetically not accessible.f[)r: tra]ectt(.)b”et.s WM} a _smaILer |mlp[)3act. Eara?ettladr—dand hence
Therefore, only approach geometries giving rise to C excita- € contribution of microchann@l—1L1-—should decrease

tions could formi2 throughi3—il—i2. Since the barrier as the collision energy rises.
for i3—i1 is only 12.6 kJ mol! compared to 65.7 kJ mot

TABLE IV. Branching ratio to forrn-C,H; isomers from intermediatég, TABLE VI. Branching ratio ofn- to i-C4H; isomers. The ratios with tun-
i7,i8, andi9 at a collision energy of 19.6 kJmdl (i1i3) means the neling correction are in parentheseil (3) means the fraction dflL inter-
fraction ofil intermediate t03 intermediates. See text for details. mediate toi 3 intermediates. See text for details.
(i1,3) i2—pl i7—pl i8—pl i9—pl (i1,3) 19.6 kI mol'* 38.8 kI mol!
0,1 164.38 4.38 0.48 0.13 0,1 169 (152 157
0.1,0.9 155.44 3.89 0.43 0.12 (0.1,0.9 160 (144 148
(0.2,0.9 146.42 3.42 0.38 0.10 (0.2,0.9 150 (135 139
0.3,0.9 137.33 2.99 0.33 0.09 (0.3,0.7 141 (127 129
(0.4,0.9 128.17 2.58 0.28 0.08 0.4,0.9 131 (119 120
(0.5,0.5 118.94 221 0.24 0.07 (0.5,0.5 121 (110 110
(0.6,0.9 109.63 1.86 0.20 0.06 (0.6,0.9 112 (107) 101
(0.7,0.3 100.26 1.55 0.17 0.05 (0.7,0.3 102 (93 91
(0.8,0.2 90.81 1.26 0.14 0.04 (0.8,0.2 92 (85 82
(0.9,0.0 81.29 1.00 0.11 0.03 0.9,0. 82 (76) 72
1,0 71.70 0.77 0.09 0.02 1,0 73 (68 62
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2. Pathways to i -C,H; plex at a relative collision energy of 38.8 kJ mtl The os-

The center-of-mass translational energy distributionscm"’ltmg model relates the intensity ratio 3{¢) at both

cannot rule out minor contributions of theC,H; isomerp2. poles tor via Eq. (10);
Based on oumb initio calculations,p2 can be synthesized . . trot
through C—H bond rupture of #, intermediaté 7.7 itself 1(180)/1(0 )=exp< T 5
is either formed through ring opening o or H-atom shift _ _ i
in i2. As already discussed above, trajectories with largdVheretyo represents the rotational period with:

impact parameters should dominate the chemical dynamics. t =27, /L . (11
Therefore the reaction sequeri@—i6—i7 should be only
of minor importance, and? is likely to be formed predomi-
nantly through H-atom migration from® rotating around its

C axis, cf. Sec. VB 1. Alternatively, decompositioni@& can
lead top2+H as well. Based on our experimental data, we
cannot quantify the contribution of thieversusn-C,H; iso-
mer. As evident from Table VI, the computed ratios of the
n-C4H; isomer is more than 98.4%, amdC,H; dominates
the chemical dynamics of the title reaction.

, (10

I; represents the moment of inertia of the complex rotating
around thei-axis, andL . the maximum orbital angular
momentum. Using ouab initio geometries we vyield rota-
tional periods of the complexes and plug in all data in Eq.
(10). We calculate lifetimes of2 rotating around thé\, B,
and C axes to7(A)=0.017 ps, andr(B)=7(C)=0.66 ps.
Accounting for the uncertainties in the center-of-mass angu-
lar distribution, these data are within 10%—20%. As evident,
the magnitude of depends strongly on the rotation axis, i.e.,
B, C, vs A. Since reactions with a collision times0.1 ps
follow direct scattering dynamics and expect to show almost
zero intensity at large angles of the center-of-mass angular
distribution, theT(6) at our higher collision energy is ex-
As discussed in Sec. VA4, the,8, isomeri3 fulfills  pected to be strongly forward peaked, if the complex rotated
requirements for ISC to form eventualif-s on the singlet  around theA axis. This is clearly not observed in the experi-
C4H,4 surface. The shape of the center-of-mass translationghent. Hence a rotation about theaxis of all complexes can
energy distribution helps to unravel the contribution of thepe excluded as already suggested in the previous paragraphs,
singlet surface. BOtIﬁ’(ET)’S peak at about 30-50 kJ m’dl and the end-over-end rotation dominates.
indicating a tight exit transition state from the decomposing
C4H, intermediate to the products. However, @by initio
calculations depict no exit barrier to forml, p3, or p4 E. Comparison with the reaction C (3P,)+CH3CCH
+H. Hence, ourP(Eq)’'s are expected to peak at O
kJ mol *—in strong contrast to our findings. In addition, a

minor barrier of only 0.8 kJmotft favors a ring opening of . .
: : y . 1hg op 9 ied recently at averaged collision energies of 20.4 and 33.2
il-stoi2-s. A-, B-, as well asC-like rotations ofi2-s are 12
. .. kImol ! using the crossed molecular beams technrjliee
expected to show a symmetric center-of-mass angular distri-=~ "~ L
. ) . ; . _reaction dynamics indicate that the carbon atom attacks the
butions at both lower and higher collision energies since ) )
mr-orbitals of the methylacetylene molecule via a loose, reac-

egﬁz \:ﬁttﬁtleonu;ﬁ]terrggggﬁ?sir:?;a%dar_?teonrizwfﬁ ;[}de)H detémtlike transition state located at the centrifugal barrier. The
P quatp y initially formed triplet 1-methylpropendiylidene complex ro-

symmetric aroundr/2. Hence, only1-s andi6-s remain. A 4 .
. . . S tates in a plane almost perpendicular to the total angular
detailed analysis of the rotational axes and taking into ac-
momentum vector around th& C-axes and undergo¢2,3]-

count that the leaving H and incorporated C atom must btuydrogen migration to triplet 1-methylpropargylene. Within

placed on different sides of the rotational axis shows tha "5 bs. the complex decomposes via C—H bond cleavage to
only i 1-s excited toA to form p3, andi6-s excited toB-like n-C f' 'and atompic hvdro eﬁ 9
rotations to yieldp4 can fulfill this requirement. If we con- 43 ydrogen. .

Compared to the reaction of @RJ) with H,CCCH,,

sider energy conservation and calculate the energy necessa(pj/Ita at higher collision energies of bothhG isomers show

to exc¢eA—I'|ke rotat|.ons ni1-s employlng the rigid rotor identical laboratory angular distribution and TOF spectra.
approximation, we find that these rotations are only acces[ikewise the center-of-mass angular as well as transla-

sible for 5% of the intermediates. In addition, formation of _ o . . o I .
p3 andiorp4 expects to show a high-energy cutoffs in thetlonal distributions are identical W|th|n'the error limits. 'FI-
P(E-)’s between 60 and 80 kJ mid} in strong disagreement nally, the fragmentation pattern and intensity of the |_nte-
with our data. Based on these arguments, we conclude that ated TOFS_ aim/e=51, ?0' and 49 are the same, ie.,
.5(m/e=51):1.0(m/e=50):0.25n/e=49). However, at

ISC provides reactive scattering signal of the ftitle reaCtlonIower collision energies, the lab and center-of-mass distribu-

this contribution is likely small. tions differ significantly. In addition, the fragmentation ratios

of atm/e=51, 50, and 49 of the éPj) +H,CCCH, reaction

are identical to those obtained at higher collision energy

within the error limits. This pattern is expected, since at both
The rotational period of the decomposingHz; isomers  collision energies tha-C,H; isomer is formed. But data of

i2 acts as a clock in the molecular beam experiment and cathe reaction of atomic carbon with methylacetylene yield

be utilized to estimate the lifetimeof the fragmenting com- (m/e=51):(m/e=50):(m/e=49)=0.3:1.0:0.5. This sug-

C. Possible contributions from the singlet C  4H,
potential energy surface

The reaction between ground state carbon atoms,
C(3Pj), and methylacetylene, GBCH (X 'A,), was stud-

D. Lifetime of the decomposing complex
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gests that at lower collision, the reaction of carbon with me500.3 kJ mal?. In the reaction of C3(pj) with allene, how-
thylacetylene and allene forms distinct isomers. Based ogyer, the similar channel toz(llzg)+CZH4 is closed despite
the high-energy cutoff of the center-of-mass translationalts exothermicity of 8 kJ mol*. As discussed in Sec. VB,
energy distribution of the reaction of carbon with allene, theaqgition to the central carbon atom leads 8 followed by
authors postulated the formation of a higher-energy isomejsc (o formi3-s. The singlet form ofi3 represents not a
possibly a cyclic isomer, however, without an explicit |5ca] minimum, but a transition state. Hence, a singlet
identification?” The postulation of a higher-energy isomer CC—CH,—CH, diradical analogous to CO—GHCH, cannot
gains additional support if we consider the averaged fractiorE)e formed. On the triplet surface, reaction to(%I,)

of energy channeling into the translational degrees of free-_ C,H, is endothermic by only 3.2 kJmol. Reaction must
dom. At collision energies between 19.6 and 45.0 kJthol involve the addition complexdss, i4, andi5. However,i3

our data reveal that the reaction of atomic carbon with all | . ring closure tol compar’ed ’td4 In Table 1l ’the
unsaturated hydrocarbons containing three carbon ato RKM rate constant. .. k.. andk ;:alculations 'show
such as propylene f;, allene HCCCH,, and methyl- . " 33<10_5_41%’X115_'2_19 12md 7 610-5:5.7
acetylene CHCCH except the latter at lower collision ener- x10°2:1.0 at.our Iow.er. and highe.r collision énergie§ f(.)r the
gies brings 30%-35% of the total available energy into L o ) o

kinetic energy of the product—almost independent on thereactlor! sequencel'§3—>|4,'|3—>|6, andi3—il, strongly
collision energy and the reaction product. High lewd supporting that3—i1 dominates.

initio calculations on the C/C}CH together with varia- ) The second and third channels n the reaction OTFQX
with allene are governed by an addition to the terminal car-

tional RRKM calculations are underway to resolve the out- . i )
standing question of the & isomer formed at lower colli- bon atom which either fragments directly through C—H bond
sion energy. rupture to form HC=C-COH (channel 2 or undergoes
H-atom migration to yield triplet acrolein. The authors sug-
_ _ _ gest a consecutive ISC to singlet acrolein followed by a C-C
F. Comparison with the reaction O  (°P;) +H,CCCH, bond rupture to yield gH; and HCO. The differences in the

The reaction of O{P;) with allene was studied recently chemical dynamics to the €@;)+allene reaction are the
at a collision energy of 33.5 kJ midi28 Three reaction chan- direct consequence of the potential energy surface. Here, an
nels were found. First, trajectories with small impact param-Open triplet diradical as an addition product of'€() to the
eters are governed by an attack of3gp to the central terminal carbon atom holds no local minimum on the triplet
allenic carbon atom form a triplet diradical which undergoesCsH4 PES as shown in owab initio calculations, but under-
intersystem crossing to the singlet surface. The entrance bagoes ring closure followed by a ring opening to triplet bu-
rier to this center addition is found to be less than 33.3atriene. Likewise, our title reaction has no entrance barrier,
kdmol L. A ring closure leads to cyclopropanone which whereas the analogous @(j) reaction has an entrance bar-
fragments via an open CO—GHCH, diradical through a rier of at least 33.5 kJ mof. Hence, the latter reaction does
tight exit transition state to CO and,i8,. This reaction pro- not proceed within orbiting limits, and a larger fraction of
ceeds through a long-lived complex and is exothermic bysmaller impact parameters is expected to lead to reaction,

E, (kJmol'!)
A

FIG. 16. Double potential energy
well of the n-C,H; isomer and its lin-
ear transition state. Bond lengths are
given in Angstroms, bond angles in
degrees.

1.090

1305, 1317 1.231 _1.062,

122.0
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such as those approaches where the oxygen atom attacks #ik CONCLUSIONS

central carbon atom of the allene molecule. .
The reaction between ground state carbon atoms,

C(3Pj), and allene, HCCCH,, was studied at averaged col-

lision energies of 19.6 and 38.8 kJ mblusing the crossed
VI. IMPLICATIONS TO INTERSTELLAR CHEMISTRY molecular beam teChnique. The carbon atom attacksnthe
AND COMBUSTION PROCESSES orbitals of the allene molecule barrierless via a loose, reac-

tantlike transition state located at the centrifugal barrier. The

The identification of then-C,H; isomer under single initially formed cyclopropylidene derivative rotates in a
collision conditions is of importance to chemical reactionplane almost perpendicular to the total angular momentum
networks modeling the temporal development of chemistryector J around itsC axis and undergoes ring opening to
in molecular clouds, hot molecular cores, outflow of carbontriplet butatriene. Within 0.6 ps, the complex decomposes via
stars, and hydrocarbon-rich planetary atmospheres. Hithertbydrogen emission to theC,H; isomer through a tight exit
information on distinct structural isomers as reaction prodtransition state. As the collision energy increases, the ap-
ucts were lacking and hence could not be included in thesproach geometries with smaller impact parameter very likely
schemes. The present study underlines this importance, sinsaow in enhanced contribution leading to a barrierless attack
C(3Pj)+CH3CCH leads to a second, probably cycligHg  of C(3Pj) to the central carbon atom in the allene molecule.
isomer at lower, but tm-C4H3 at higher collision energies, The explicit identification of th&-C,H; radical under single
whereas C?P,-) +H,CCCH, forms n-C4H; at lower as well  collision represents a further example of a carbon—hydrogen
as higher collision energies. In addition, the barrierless naexchange in reactions of ground state carbon atoms with un-
ture of the reactions of atomic carbon with allene and mesaturated hydrocarbons. This channel opens a versatile path-
thylacetylene demonstrates explicitly that these processes anmy to synthesize extremely reactive hydrocarbon radicals
of potential importance in even coldest interstellar cloudselevant to combustion processes, interstellar chemistry, and
such as TMC-1 with typical translational temperatures of 10chemical modification of hydrocarbon-rich atmospheres of
K. Methylacetylene, CECCH, has been widely observed to- Jupiter, Saturn, Titan, as well as Triton.
ward dark, molecular clouds such as OMC-1 and TMC-1 in
high fractional abundances between (480 °cm™®  ACKNOWLEDGMENTS
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