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Crossed-beam reaction of carbon atoms with hydrocarbon molecules. 1.
Chemical dynamics of n-C4Hi formation from reaction of C( 3Pj) with
methylacetylene, CH ;CCH (X"A;)

R. I. Kaiser, D. Stranges,? Y. T. Lee,” and A. G. Suits®
Department of Chemistry, University of California, Berkeley, California 94720
and Chemical Sciences Division, Berkeley National Laboratory, Berkeley, California 94720

(Received 28 June 1996; accepted 9 July 1996

The reaction between ground-state carbon ator(?él?jct and methylacetylene, GBCH (X*A,),

was studied at average collision energies of 20.4 and 33.2 kd'msing the crossed molecular
beams technique. Product angular distributions and time-of-flight spectrgHafatm/e=51 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 translational energy flux distributions peak at 30—60 k3 o

show an average fractional translational energy release of 22%—-30%. The maximum energy release
as well as the angular distributions are consistent with the formation afi-4iigH; radical in its
electronic ground state. Reaction dynamics inferred from these distributions indicate that the carbon
atom attacks ther-orbitals of the methylacetylene molecule via a loose, reactant like transition state
located at the centrifugal barrier. The initially formed triplet 1-methylpropendiylidene complex
rotates in a plane almost perpendicular to the total angular momentum vector aroB\Cthzes

and undergoe$2,3]-hydrogen migration to triplet 1-methylpropargylene. Within 1-2 ps, the
complex decomposes via C—H bond cleavaga-t,H; and atomic hydrogen. The exit transition

state is found to be tight and located at least 30—60 kJmabove the products. The explicit
identification of then-C,H; radical under single collision conditions represents a further example of

a carbon—hydrogen exchange in reactions of ground state carbon atoms with unsaturated
hydrocarbons. This channel opens a versatile pathway to synthesize extremely reactive hydrocarbon
radicals relevant to combustion processes as well as interstellar chemistr$99&® American
Institute of Physicg.S0021-960806)00739-§

I. INTRODUCTION 0.08 kJ mol! (dark cloud$, gas phase reactions under ther-

modynamic equilibrium conditions must have little or no

The interstellar mediunilSM) consists of gas and sub papriers and involve only two body collisions. Ternary en-
um sized g_rgin particlkles wi_th ave_r?ged numk_)er densities_ of Lounters occur only once in a few %@ears, and can be

Eof]lt(i)sm dcommmaargs dlgy hg;(?;g;ecr:naﬁ(Ijtshcerllii(rrlndl?Haleiolr%p]gSI- excluded considering mean interstellar cloud lifetimes &f 10

i L ears! The first chemical equilibrium models of interstellar

whereas the biogenic elements oxygen, carbon, and nitrogé’n . . L .
contribute~0.001 relative to atomic hydrogén? Compris- chemistry satisfy these criteria and focus on ion-molecule

ing approximately 99% neutrals and 1% ions, interstellarreaCt'F’nSj radiative assoqatlons, as well as dISSOCIatIV.e re-
radicals. atoms. and molecules are not distributed homogé:_omblnatlon between cations and electrons to advance inter-

neously, but primarily localized in interstellar clouds as wellStellar chemistry:® This approach, however, involves reac-
as outflow of carbon stafs? Diffuse (hot) clouds hold num- tion chains with subsequent collisions, and often cannot
ber densities1 up to 100 molecules cit and mean transla- reproduce observed structural isomer ratios as well as num-
tional temperatured of about 100 K, whereas in dense ber densities for example of;8 and GH,.” The inclusion
(cold, dark, molecularclouds typical scenarios range be- of alternative, one step, exothermic neutral—-neutral reactions
tweenn=10°-1 cm ® and T=10-40 K. Molecules in the into chemical models of the circumstellar envelope surround-
outflow of carbon stars contribute only a minor amount, buting the carbon star IRE10216 and the dark cloud TMC-1
temperatures can rise up to 4000° tand a more complex  occurred only graduall§-*® However, thead hocpostulation
chem_lstry is expected as co.mpared to mters?ellar clouds. spin conservation and simple thermochemistry clearly
~ Since :rhe g\gertag_e klllne(t)I% iger%}l’ gfﬁthe 'nltersdte”ardSpeaemonstrate the urgency of systematic laboratory examina-
cles 1S confined to typically ©. miol (diffuse cloud3an tions probing detailed chemical dynamics and reaction prod-
ucts of neutral—neutral encounters.
dpresent address: Dipartimento Chimica, Universita La Sapienza, Piazzale Very recently, these studies were initiated investigating
A. Moro 5, 00185 Rome, Italy. . ' . . o
exothermic atom-molecule reactions of atomic carbon in its
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8722 Kaiser et al.: Reaction of carbon atoms with hydrocarbons. II.

via the crossed beam technique as a potential source of catdthough atomic carbon is only a minor species in oxidative
bon hydride and the propargy! radi€af flames, it is assumed to contribute significantly to combus-
i hemistry®® and the carbon—hydrogen exchange chan-
CP ) + CHL (XIS F) - 1/c(?) — CHH(2S,,), (1) ton¢ : ; .
(Pj) + Cohto(X72g) = 1/6(?) ~ C S, @) nel [Eq. (3)] could synthesize several,8; isomers as well
C(3P;) + CoHa(XAg) — C3H3(X2B3) + H(2Sy0). (2)  as advance diamond synthesis in methylacetylene fidfes.

The explicit identification of this carbon—hydrogen exchangebusHowever’ despite the potential astrochemical and com-

. . tion relevance, the experimental as well as theoretical
channel opens a versatile synthetic pathway to carbon bear-h terizati fth PES is far f bei let
ing species. Analogous to E@l), reaction of (IfSPJ-) with ~ charactenzation o e IS far Irom being complete,

methylacetylene, CECCH, is expected to yield hitherto un- Fig. 1. n-C;H; (1a/b) holds the global minimum on the

— 1\ 28,38-39
observed interstellarﬁg isome(s) doublet QH3 PES:EAfH —486i3 kJmoF ), followed
. ) by a 40+1 kJmol - less stable iso isoméR) (A;H=526+4
C(°Pj) + CH3CCH(X A1) — C4H3+H. (3 kImol').2838 The structure oh-C,H, has not yet been re-

Its prospective methylacetylene precursor and atomic carbofPlved. Gayet al. calculated a bente-ethinylvinyl carbon
have been widely observed in the molecular clouds OME-1 skeleton, whereas ESR studies in an argon matrix at 4 K
and TMC-2° with fractional abundances relative to hydro- support a linear structure wittB, electronic ground state of
gen between %10° and 6.3<10°% Likewise, the butatrienyl radicdl®*! Very recently, high leveab ini-
methylacetylen®~?2as well as GH; isomers are included in tio calculations at the SCF-CISB-311G™) level depict a

a photochemical model of Titan, Jupiter, and Safifi* quasilinear structure @) and an interconversion barrier be-
The authors postulate,8; formation via three body recom- tween both bent ¢H; conformations (b) of only 3
bination kdmol 12 Since the GH, isomers are extremely reactive,

H+CyHy+ M —M + C,Hs, 4) isolation is restricted to a low temperature matfixC,H-)

or trapping as an 1,3»-dimetalated cyclic speciesM(1) as
although cosmic ray produced carbon atoms survive the reyell as 1,3,3u,-trimetalated chain isomemn2).43-4*

ducing atmospher&sand might react via Eq(3). In this paper, we investigate the detailed chemical dy-
Besides its potential interstellar relevance, a scavengeflamics of the atom-neutral reaction of e;) with

C,Hs isomer in acetylene/oxygen flanfess expected to methylacetylene, CYCCH(X'A,) under single collision

play a significant role in formation of the first aromatic ring ., gitions at collision energies of 20.4 and 33.2 kJrhals
in sooting combustion flames. Wargal. postulated a step- provided in crossed molecular beam experiments. The in-

\r/gji;;nogr g;(:]mr#émtlated by Eq(5) or (6) to the phenyl sights into the reaction dynamics disclose precise informa-
! 2y tion on the hitherto unexplored triplet,8, and doublet

n-C4H;+CoHy+ M — CgHg+ M, (5) C,H; potential energy surfacdES under well-defined col-
lision energies, and potential exit changelto C,H; iso-
n-C4H3+C2H2—>C6H4+H, (6) mers

whereas Walsh outlined-C,H; reacts with only a minor
entrance barrier as wéff.

However, no reliable information is available on the
mechanism of ¢H; radical formation. Miller et al. sug-

gested pathways via Eqé7)—(10),%° followed by intercon- Il EXPERIMENTAL SETUP AND DATA ANALYSIS
version ofi/n-C,H; [Eq. (11)]
3 Owing to the high reactivity of prospective open shell
CHa+"CH—n-CyHat+H, (@) products, reactions must be performed under single collision
| — C3H3+CH—i/n-CyHa+H, (8)  conditions to identify the primary reaction products. These
requirements are achieved here using a universal crossed mo-
CH,CHCCH+OH—H,0+i/n-CyHs, (9 lecular beam apparatus described in Ref. 45 in detail. A
CH,CHCCH+H—H,+i/n-C,Hs, (10) pulsed supersonic carbon beam was generated via laser ab-
lation of graphite at 266 niff. The 30 Hz, 35—40 mJ output
i —C4H3+H—C4Hs—~n-CyHz+H. (1))  of a Spectra Physics GCR-270-30 Nd:YAG laser is focused
Alternatively, acetylene dimerizatidigg. (12)].2°-3 recom- onto a rotating carbon rod. Ablated carbon atoms are seeded

into neon or helium released by a Proch—Trickl pulsed valve

bination with GH [Eq. (13)],% and thermal decomposition
GH [Eq. (13)] P operating at 60 Hz, 8Qs pulses, and 4 atm backing pres-

of vinylacetylene intermediatelEq. (14)1*3-%° might yield

C4Hs sure. A four slot chopper wheel mounted 40 mm after the

ablation zone selects a 9k segment of the seeded carbon

2CH—H+1-C4H3, (12 peam. Table I compiles the experimental beam conditions.
C,H+CoHy—i-CyHs, 13) The pulsed carbon ar_1d a continuous methylacetyle_ne beam

at 515-10 Torr backing pressure pass through skimmers,

CH,CHCCH—i/n-C4H3+H. (14  and cross at 90° in the interaction region of the scattering

J. Chem. Phys., Vol. 105, No. 19, 15 November 1996
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FIG. 1. Structures of low lying &5 isomers as well as metalated radicals M1 and M2. A linear isomer of4tganalogous to the/1—-C;H isomer pair,
has not been investigated. Since and 1-C,H differ only by 8+4 kJmol %, the linear isome(5) holds approximately\{H =560 kJmol !, Other enthalpies
of formations for the isomers afd) 486, (2) 526, (3) 541, (4) 553, (6) 572, (7) 604, (8) 613, (9) 660, and(10) 766 kImor ™.

chamber. Reactively scattered products were detected in tHe0° steps between 5.0° and 60.0° with respect to the carbon
plane of the beams using a rotable detector consisting of keam. The velocity distribution of the products was recorded
Brink-type electron-impact ionizé¥, quadrupole mass filter, using the time-of-flighi{ TOF) techniqué® choosing a chan-
and a Daly ion detectdt at different laboratory angles in nel width of 7.5us. Counting times ranged from 0.5-4 h,

TABLE |. 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 factigr=n(C)Xn(CsH,) Xv, in relative units, with the number density of the
ith reactann; and the relative velocity, .

Beam vg, Ms ! S E.oi, kI mol? Ocm C;:C,:Cq f,
C(3Pj)/Ne 195040 3.90.3 20.4£1.0 53.5t1.5 1:0.6:0.7 1.0
C(3Pj)/He 256050 4.7+0.3 33.2:1.4 46.2:1.6 1:0.4:.0.9 1.80.3
CaH, 790+30  7.7-0.5

J. Chem. Phys., Vol. 105, No. 19, 15 November 1996



8724 Kaiser et al.: Reaction of carbon atoms with hydrocarbons. Il.

averaged over several angular scans. The velocity of the su-
personic carbon beam was monitored frequently after 2—-5
angles and minor velocity drifts corrected by adjusting the
laser pulse delay within=1.5 us. A reference angle was
chosen at 55° and 45°, respectively, to calibrate fluctuating
carbon beam intensities and mass dial settings at the quadru-
pole controller.

Information on the reaction dynamics is gained by fitting
the TOF spectra and the product angular distribution in the

laboratory frame using a forward-convolution routi{e> CsHe —]
This iterative approach initially guesses the angular flux dis- i
tribution T(6) and the translational energy flux distribution ]
P(E;) in the center-of-mass systef@M) assuming mutual L
independence. Laboratory TOF spectra and the laborator = 30 45 60 7590
Indep -HLe. L y P y Lab Angle (deg)
angular distributions were then calculated from th&$é)
andP(E;) averaged over a grid of Newton diagrams defin-
ing the velocity and angular spread of each beam, detector
acceptance angle, and the ionizer length. Best TOF and labo- Ve
1 5)(1 05 ! L LI I
. | ]
S1.0F -
8 5 . 300 ms™
il i : -
© - -
T i J
§ 0.5 s 7] FIG. 3. Lower: Newton diagram for the reaction®g;)+CH;CCH(X'A,)
= CCP) CsHs at a collision energy of 33.2 kJmdl. The circles are corrected for differ-
r ] ence in the relative collision energy. Upper: Laboratory angular distribution
i ] of product channel am/e=51. Circles and & error bars indicate experi-
L T N mental data, the solid lines the calculated distribution for the upper and
0.0 0 15 30 45 60 75 90 lower carbon beam velocity. The solid lines originating in the Newton dia-
Lab Angle (deg) gram point to distinct laboratory angles whose TOFs are shown in Fig. 5.
ratory angular distributions were archived by iteratively re-
fining adjustabler(d) and P(E) parameters.
Ve
Il. RESULTS
A. Reactive scattering signal
Reactive scattering signal was only observednde
=51, i.e., GH3, cf. Figs. 2-5 and Table Il. Reaction of
carbon with methylacetylene dimers does not contribute the
300 ms™' data, since the integrated/e=>51 signal scales linearly with
— the CH,CCH source backing pressure. TOF spectra recorded

1.5%x10°

Integrated Counts

at m/e=48-50 show identical patterns indicating the signal

originates in cracking of the parent in the detector. Energeti-

FIG. 2. Lower: Newton diagram for the reactioni3€j)+CH3CCH(X1A1)
at a collision energy of 20.4 kJmidl. The circles stand for the maximum

cally accessible channels 2 and 3 to diacetyl€Fable 1),

center-of-mass recoil velocity. From outer to innerC,Hs, i-CiHs, CiH,  CaH2, are absent within detection limits of our system, and
isomers(3)—(8), and GH, isomer(9). Upper: Laboratory angular distribu- endothermic channels 3 and 4 could not be opened at relative
tion of product channel an/e=51. Circles and & error bars indicate ex-  collision energies up to 33.2 kImdl applied in our experi-

perimental data, the solid lines the calculated distribution for the upper an
lower carbon beam velocityTable ). C.M. designates the center-of-mass

fnents. In addition, no radiative association tgHe isomers

angle. The solid lines originating in the Newton diagram point to distinct & M/€=52 or higher masses were observed. Lower molecu-

laboratory angles whose TOFs are shown in Fig. 4.

J. Chem. Phys., Vol. 105, No. 19, 15 November 1996
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0.3,

units)
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40.0° T 55.0° ] B
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(arb.

Number Density
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d Sasorsec ) S -
I ) 2 fa)
00 150 300 450 600 750 900 o] 150 300 450 600 750 900 150 300 450 600 750 900

® |

Time of flight (us) Time of flight (us)

FIG. 4. Time-of-flight data atn/e=51 for indicated laboratory angles at a FIG,' 5 Time-of-flight data a{n/e=51 fo_r indicated Iaboratory_angles ata
collision energy of 20.4 kJmot. Open circles represent experimental data, cOllision energy of 33.2 kamot. Open circles represent experimental data,

the solid line the fit. TOF spectra have been normalized to the relativeIhe 59"" line the fit. TOF spectra have been normalized to the relative
intensity at each angle. intensity at each angle.

thermic channels 6—1Zould not be verified yet. Their de- Product allows us to eliminate isomé3) and the endother-
tection suffers from the high background level via Mic channel to |some_f10). Fgrther, the large width of the
methylacetylene fragmentation in the ionizer. Upper limits oflaboratory angular distribution of at least 60° and the
40% (channels 6-8 60% (channel 9, 10% (channel 10, C4H3+H product mass ratio of 51 indicates that the average

40% (channels 1)1, and 80%(channel 12 relative tom/e translational energy releagky) is large and that the center-
—51 signal were derived. of-mass translational energy distributioR§E)s peak well

away from zero, cf. Sec. Il C.

B. Laboratory angular distributions (LAB) and TOF

spectra TABLE II. Thermochemistry of the reaction(®P;)+CH;CCH(X *A;). En-

thalpies of formations were taken from Refs. 28, 38, 39, 52, and 53. The

Figures 2 and 3 d|splay the most pmbable Newton dla'symmetry of then-C,H; ground-state electronic wave function is omitted.

grams of the title reaction as well as the laboratory angulag

(LAB) distributions of the ¢H5 product at collision energies Reaction enthalpy at 0 K,
of 20.4 and 33.2 kJmol, respectively. Both LAB distribu- ~ # Exit channel AgH (0 K), kI mor™
tions peak close to the CM angles at 53.5° and 46.2° and 1 n.c,H,?)+H(S,,) —194+1
show a slightly forward peaking distribution at higher colli- 2 HCCCCHK S})+Hy(X '%7) —444+12
sion energy. This behavior suggests indirect reaction dynam- 3 HCCCCHKX *X) +2H(S, ;) —12x12
ics via a long-lived GH, complex with a lifetime exceeding 3 GHX ") +Hy(X *25) +HCSy,) +78+10
(20.4 kJmolY) or comparable to its rotational perid83.2 4 GX %) +2H(X ) +68=15
o ) : : 5 CyHy(X ?B,) +CH(X 2II) +35+12
kJmol -, osculating complex Since the enthalpy of forma- 6 C-CaH, (X 1A;) +CH,(X °B,) —22+5
tion of low lying C,H5 isomers differs only by about 30—50 7 c-CH(X?B,) + CHy(X 2A}) —36+4
kJmol %, Fig. 1, the nature of the 5 solely based on lim- 8 1-CgH(X ?IT) + CHy(X 2A7) —28+4
iting circles is not possible. The maximum scattering range 1‘3 %(Hx(;YA)J;E';‘t(& 1’;12) _1516%1
of isomerg(1)—(8) falls within 8°, and individual limit circles QH;‘(X 2A9)+CZZH(X 229+) _30+6

are blurred out due to the velocity spread of the carbon beamy, ¢ x 15 1)+ CoHa(X 15) _440+1
(Table ). However, the scattering range of tme/e=51

J. Chem. Phys., Vol. 105, No. 19, 15 November 1996
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FIG. 6. Lower: Center-of-mass angular flux distribution for the reaction E:I(?P)7+ (I:‘gwcegH((:;ere)rgt'n;aiz”?Sri]grl]”"gnzlrjx désftrlsgugoa];?crﬂthj reea;f:tlon

C(P;)+CH,CCH(X'A,) at a collision energy of 20.4 kJmdi Upper: Gentar-of 3 : 1| tional p gé’. wribution for th PP i

Center-of-mass translational energy flux distribution for the reaction enter-ol-mass transiational energy Tiux distribution for the reaction
C(®P;)+CH,CCH(XA,) at a collision energy of 33.2 kJmdi. Dashed and

C(P;)+CH,CCH(XA,) at a collision energy of 20.4 kmdl. Dashed and MR E L gy of Ss. :

solid lines limit the range of acceptable fits withio- &rror bars. solid lines limit the range of acceptable fits withier rror bars.

isomers(2)—(6) fall within the E,,, range. Due to the inter-
nal excitation of the ¢H; product, even Eq(1) cannot be
ruled out, cf. Sec. lll D.

Besides identification of structural isomers, the most

Figures 6 and 7 present the translational energy distribuprobable translational energy yields the order-of-magnitude
tions P(E;) and angular distribution$(6) in the center-of-  of the barrier height in the exit channel. Bo#{E+)s peak
mass frame. Both LAB distributions and TOF data were fit-away from zero as expected from the LAB distributions and
ted with a single P(E;) extending to a maximum depict a broad plateau between 30—-60 kJrhoh exit bar-
translational energy releade,,,, of 110-170 kJmol' and  rier is further implied by the large fraction of energy chan-
225-255 kJmol', respectively. If the energetics of distinct Neled into translational motion of the,&; and H products,
isomers are well Separateﬂmax can be used to |dent|fy in- i.e., 22+5% and 3:3% at lower and hlgher collision en-
dividual G;H, isomers. The maximal translational energy re-ergy, respectively. These findings suggest a tight transition
leases, i.e., the sum of the reaction exothermicity and relativétate with a significant change in electronic structure as the
collision energy, were already presented in Figs. 2 and $4H complex decomposes.
with a reasonable approximation of rotationally and vibra-
tionally cold methylacetylene molecules prepared in the su- o
personic expansion. The production of the C,H; isomer at D. Center-of-mass angular distributions,
33.2 kdmol?! is evident by comparing the theoretical and
experimental high energy cutoff d?(E;) with E, (exp.;
33.2 kdmol)=225-255 kJmol' vs E,theor.; 33.2 holds a lifetime longer than its rotational periador that the
kdmol )=226+7 kdmol'l. Formation of the 40 kJmol exit transition state is symmetrié=>°With increasing colli-
less stable iso isomer can be rejected, since the maximusion energy, the center-of-mass angular distribution peaks
energy release is restricted to 186 kJmoBased entirely on  forward with respect to the carbon beam. These findings in-
the high energy cutoff, the reactive scattering product atlicate a reduced lifetime of the decomposingdgcomplex
lower collision energy is hard to identify, since al,i;  and agrees with our suggested osculating complex: a com-

C. Center-of-mass translational energy distributions,
P(E7)

T(0)

At lower collision energyT(6) is isotropic and symmet-
ric around #/2 implying that either the fragmenting,8,
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plex formation takes place, but the well depth along the re-
action coordinate is too shallow to allow multiple rotations,
and the complex decomposes with a random lifetime distri-
bution before one full rotation elapses. Based on the intensity
ratio of T(6) at #=0° and 180° of 1.Z0.1, the identification @ 2 S(f
of the fragmenting complex enables us to use the rotational CaHy \\\_// Co¢
period of the complex as a molecular clock to estimate its i ;
lifetime (cf. Sec. IV D. To explain the forward-peaking, the
carbon atom and the leaving hydrogen atom must further be
situated on opposite sites of the rotation axis of the fragment- ‘ !
ing complex. 200 m/s

The weak polarization of allf(§)s can be explained
solely based on total angular momentum conservation an
angular momentum disposHt®*®® In terms of a classical
treatment, the total angular momentunis given by

J=L+j=L"+j", (15)  tion and correcting for the reactant flux as well as relative

. o . . reactant velocity, we find a total, relative cross section ratio
with the initial and final orbital angular momentumandL’  of ;(20.4 kimolY)/(33.2 kdmol })=1.7+0.4. This finding

perpendicular to the initial and final relative velocity VeCtOfStogether with recent bulk experimefftssuggest a barrier-
vandVv’, andj andj’ the rotational angular momenta of |ess attractive long-range dispersion forces dominating the
reactants and products. Since bulk experiments indicate th@f—Cl—gCCH interaction as well as a loose, reactant-like tran-

the r_eqcté(gn of C{P)) with CH;CCH proceeds within orbit-  sjtion state located at the centrifugal barrier to the triplet
ing limits™ and our relative cross sections rise with decreasc,H, PES at about 3 A.

ing collision energy(Sec. Il E), an upper limit of the impact
parameter,b,.,., IS determined via the classical capture
theory®®°’ Approximating the Lennard-Jones coefficient C
according to Hirschfeldeet al®® and using the ionization The identification of then-C,H; isomer allows us to es-
potentialsEczpj) = 11.76 eV Ec3,=10.36 eV, and polariz-  timate partition of the total available enerdst, into product
abilitiesacapjy = 1.76X 107 %°m?, acay,=6.18x10 ¥m3*  translation E,, ~(E+). Even if the butatrienyl structure re-
bnax JIVES rise tob,,,,(20.4 kdmolY)=3.8 A andb,,, (33.2  sembles only an inversion transition state, the 3 kJmol
kdmol 1)=3.2 A. The maximum orbital angular momentum barrier can be easily overcome at experimental conditions
yields L2044 kJmolY)=1161 and L,,(33.2 applied here. The quasilinearC,H, radical holds the rota-
kJmol })=125i. Since CHCCH is produced in a supersonic tional constantsA=10.17 cm®, B=0.139 cm®, and
expansion and peaks at 2—# for typical rotational tem- C=0.137 cm ! and classify it as a highly prolate asymmetric
peratures between 20 and 40 jKgontributes less than 2.5% top with asymmetry parametear=—0.9996, Fig. 10. Hence,
to the total angular momentudy and Eq.(15) reduces to we approximate the rotational levels to those of a rigid sym-

e/ i’ (16) metric tog’ using the rotational quantum numbér116

I (Econ=20.4 kJmol?) and J=125 (E.,;=33.2 kJmol?) cf.

To justify the weakT(6) polarization,L andL’ must be Sec. lll D, and calculate the component of the rotational an-
uncoupled withj’>L’, and the initial orbital angular mo- gular momentum about the principal akiswith K =0 for no
mentum becomes the final rotational angular momentunrotation about the figure axis, but perpendicular to it, and
This weakL —L ' correlation is a direct result of the inability
of the departing H atom to carry significant orbital angular
momentum. On the other hand, a strong L' correlation
would have indicated that the complex decomposed with
L’=j’, but the expectedsin#) ! shapedT(6) at 20.4
kdmol ! is clearly not observed.

IG. 8. Contour flux map for the fl; product from the reaction
(®P;)+CH;CCH(X"A,) at a collision energy of 20.4 kJmd.

F. Energy partition of total available energy

E. Flux contour maps and total relative cross C 3H4
sections

Figures 8 and 9 show center-of-mass flux contour maps
[(6,E7)~T(0)XP(E;) for collision energies at 20.4 and
33.2 kJmoll. Data at lower collision energy depict a
forward—backward symmetric flux profile as expected from S00 m/<
the center-of-mass angular distribution. With increasing col-
lision energy, the pronounced forward peaking on the relagig. 9. contour flux map for the 5 product from the reaction
tive velocity vector is evident. Integrating this flux distribu- C(P;)+CH,CCH(X'A,) at a collision energy of 33.2 kJmd.

J. Chem. Phys., Vol. 105, No. 19, 15 November 1996



8728 Kaiser et al.: Reaction of carbon atoms with hydrocarbons. II.

to two 7r-orbitals at one carbon atom. The observed CM
angular and translational energy distributions are then com-
pared to what is expected based on these channels. Pathways
incompatible with experimental data are dismissed. Since no
C,H, intermediate fulfills requirements for intersystem
crossingt’ the discussion is restricted to the triplet surface.
However, neitherab initio nor experimental enthalpies of
formations of triplet GH, isomers are available, and their
energetics are approximated based on corresponding triplet
C,H, isomers>®-%°

A. C,H, potential energy surface

Addition of C(3PJ-) to two perpendiculatr-orbitals at the
methylacetylenea-C atom (the neighboring carbon atom
to the methyl group vyields triplet s-cigtrans
2-methylpropendiylidene (11)/(12), Fig. 11, whereas
attack to the B-C atom forms triplet s-trangcis
1-methylpropendiylidend13)/(14). Since trans-propendiyl-
idene is energetically favored by about 80 kJrtaks com-

: pared to thecis isomer on the triplet gH, surface, this dif-
B ference is adapted s (11)/(14) vs trans (12)/(13) isomers.
Further, we approximate identical enthalpies of formations
FIG. 10. Principal rotation axis of the butatrienyl radical. Taeaxis is ~ Of (11/(14) (AfH=815 kJmol'*) and (12/(13) (A{H=735
perpendicular to the paper plane. kdmol'}). (13)/(14) undergo [2,1]-H-migration to triplet
1-methylpropadienylideng(15), [2,3]-H-rearrangement to
triplet 1-methylpropargylenél6), ring closure to triplet me-

K=~J for a fast rotation about the principal axis, with a slow : - ;
. R thylcyclopropenyliden€l7), or direct C—H fragmentation to
end-over-end one. Since no data on Kalistributions are yleyclopropeny €L7) 9

ilabl th d lied f ththe linear GH; isomer(5). Two remaining channels are en-
av§|a €, we use njl7e same procedure as appiied for grgetically not accessible: H loss of the methyl group yields
C( Pi)+C2H.4 syitg “I andlé:alculatel flrstt_ th? rc_thﬁtlon.aI €N a 1,3,3-triradical which—if it existed—suffers ring closure to
ergg;] assumlng|< _'b (t' ow | apprOX|Ima |on.). th IS g'\ﬁs a tri or tetra cycle which is less stable than the already closed
us the maximal vibrational energy reledsg, in then-CsHs — cpanng| to(10); the [1,2] methyl group migration to triplet
radical. Hereafter, the highest 'energetlcally ziccessiﬁle 2-methylpropanediylidyne(19) is endothermic by 150
statesK ,,, are computed assumirtg,,;=0 kJmol ™t esti-  y, -1 “gimjjar to(13)/(14), (11)/(12) might react vig2,3]
mate an upper limit of the product rotational excitation as

2,1] CHs-migration to(16) and (15), tively. Be-
well as an order of magnitude of the lowest tilt anglg,, of or [2,1] s-migration t0(16) and (19), respectively. Be

the n-C.H. principal inertial axis with (65 in t sides addition tax-C-atom, G§3Pj) might add to bothn- and
€N-L4m3 principal inertial axis with respec 1B in terms B-C-atoms of the methylacetylene molecule, generating me-
of the classical vector modéf.

e . . thylcycl lidendl17).
The lowK approximation yields a nearly constant parti- ylcyclopropenylidené17)

tioning of total energy into rotational degrees of freedom at,, Furthermore, @Pi) insertion into the acetylenic C—H as
- ; ) ell as the C—C single bond might lead to triplet methylpro-
both collision energies, i.e., 212 kJmol'! (10+1%) vs g g P yp

. . pargylene(16), whereas insertion into the aliphatic C—H
26*3 |§qur1 (11+2%). Further, the fraction of the'maxp bond of the methyl group forms a triplet carbe{®2®). The
mum \(|brat|onaloenergy releaose. stays consltant within the €late of (15)~(17) is governed by C—H fragmentation and/or
ror limits (6?t20_ﬁ; and 5&-10%; 145 kJmol* at lower and H-migration: (17) decomposes via C—H bond rupture(®)
1.33. kJmol “at higher collision gnergyand mlgh_t suggesta (3), then rearranges to triplet methylenecyclopropgig,
L:?;g‘;?ggse;ﬁgehgf rcaonrgglne];(zeFtizglsl ni?gn'?:]ot;ze“\é']ira'which is followed by H-loss td3) or (6); the only energeti-

4 ) , ) : . .

of zero vibrational excitation of the-C,H; product and a cally feasible fragmentation afL9) yields GHs isomer (),

: L oA R . .. whereas(16) decomposes either ) or n-C4H; (1). Fi-
maX|mumI_<, value, the principal axis is tilted 73 _.76 with nally, (15) might rearrange via hydrogen migration to triplet
respect toj’ and clearly demonstrates a predominant end

. . vinylidenecarbeng22).
over-end-rotation of the-C,H; radical, The reaction pathway to the identifiedC,H5 radical

(Sec. lll © can only proceed via hydrogen loss from theCH
group of triplet 1-methylpropargylen@6). Here, the prefer-

In this section, we outline feasible reaction pathways orence of the methyH-atom loss compared to the acetylenic
the triplet GH, PES to produce gH; isomers(1)—(6) via  C—H bond cleavage even at higher collision energy corre-
insertion of the electrophile carbon atoms into the C-H andates with the ~140 kJmol! weaker aliphatic carbon-
C-C bonds of methylacetylene, addition to twwemolecular  hydrogen bond energy and excludes decompositiofil6f
orbitals at both distinct carbon atoms, and, finally, additionto C,H; isomer (5). Additionally, the identification

IV. DISCUSSION
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FIG. 11. (a) Schematic representation of the lowest energy pathways on the trigigt RES and structures of potentially involved collision complexes.
Triplet methylenecyclopropene and vinylacetylene are not included, since their singlet-triplet gaps have not been investigntadddigbnal structures for

possible intermediates and products relevant to the discussion. Three potential electronic structures of propargylene are presented: (1 8alismdical
carben-like structure€l6b/g. Isomers(11)—(14) are named with respect to atoms/groups at the former acetylenic triple bond.
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of Eqg. (16) as the decomposing complex eliminates the pos-
sibility the symmetricT(6) originates from a symmetric
complex(Sec. lll D), since rotation around any principal axis
cannot fulfill this requirement. The remaining question to be
solved is the reaction pathway {@6). Insertion of 0;3Pj)

into the acetylenic C—H bond can be rejected, since only a
narrow range of impact parameters between 1.19 and 2.24 A
would contribute to reactive scattering signal. The over-
whelming contribution of large impact parameters to the cap-
ture process up to 3.8 A was already mentioned in Sec. lll D
and Ill E. Additionally, no evidence of insertion was found
in the crossed beam reaction 0(391) with unsubstituted
acetylen® indicating that the symmetry-forbidden insertion
into the acetylenic C—H bond involves a barrier of at least
33.2 kJmoll. Insertion into the C—C single bond can be \
excluded as well: The forward peaking center of mass angu-
lar distribution requires the inserted carbon atom and the ﬂu
leaving hydrogen to be located on opposite sides of the ro-
tation axis of fragmentind16). However, this condition is &)
not satisfied. In addition, hot atom tracer experiments of
Yc(P;) with C,Hg and even strained cyclobutane rings
show a screening of the C-C bond by hydrogen atoms, and
only insertion into C—H bonds is observ&iTherefore, any
insertion process can be excluded from the discussion.

Remaining pathways t@l6) involve triplet GH, inter- CH
mediateq11)—(14). Using the concept of regioselectivity of Coe 3
electrophilic radical attacks on substituted olefines and ex- /C__C
tending it to alkyne§/ we can eliminate further collision H

complexes. The framework predicts the radical attack to be

directed at the carbon center which holds the highest spiRig 12, Approach geometry of the carbon atom toward the methylacety-
density. Since partial delocalization of the methyigroup lene molecule conserving, symmetry and induced rotation around the
orbitals increases the spin density on {geC-atom at the B-ais:

expense of the-position, G(3Pj) attacks preferentially at the

B-C. Additionally, the sterical hindrance of the Gigroup  B. Rotation axis of the triplet 1-methylpropargylene

reduces the cone of acceptance at th€-atom and the complex

rgnge of reactive impact paramet.e.rs. Both effects together Conserving the C-C-C-C-plane as a plane of symmetry,
direct the electrophilic carbon addition t&3)/(14). Even if  the singly occupiedp, and p, orbitals of the carbon atom
(11 and(12) were formed to a minor extent, rearrangementmight add to ther,- and m,-orbitals undeiC, symmetry on

to (16) would involve a CH-group(m=15) migration which  the3A” surface to form isomer&3)/(14), Fig. 12. This path-

is unfavorable compared to rearrangement of the light Hvay supports a maximum orbital overlap to the GsCand
atom to (16) via (12)/(13). Similar arguments eliminate a C-C-m-bond via interaction op, with - as well asp, with
simultaneous attack of (épj) to a- and B-C-atom with  m,-orbitals. Oblique approach geometries are supported as
maximum impact parameters of about 0.6 A(¥). Both well and open larger impact parameters for the reaction as
prevailing pathways t¢16) via (13) and(14) cannot be dis- discus§ed in Sec. Il E. Sinde~j’, the foqr carbon atoms
criminated based on our experimental data. The chemicdPtate in a plane approximately perpendicularltcaround
dynamics to alternative Bl isomers at lower collision en- the C-axis of the prolate 1-methylpropendiylidene. The con-
ergy involve isomerg13)—(15), (17), or (20). The last one secutive hydrogen shift to 1-methylpropargylene conserves

. . . . . . either the symmetry plan@ssumingCg symmetry of(16b)
can be ruled out, since insertion ot3@j) into the aliphatic or (160, Fig. 17 or follows C, symmetry(geometry(163].

C~H bond does not play a role. Results of crossed beargj, e the adduct still rotates around tGeaxis, the added
experiments CP;)+CH, at relative collision energies up 10 carhon atom in th€4 position and the methyl hydrogens are
40 kJmol* show no reactive scattering signal of insertionocated on opposite sites of the rotation axis as required to
into the aliphatic C—H bonff Therefore—if (2)  explain the forward-peaking & product with respect to the
contributes—hydrogen loss of triplet vinylacetyleli22)  carbon beam. This almost in-plane rotation yields extremely
represents the only open channel. low K values as well as a minal component about the
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figure axis of the 1-methylpropargylene and can be related t®. Exit transition state
dominating lowK states populated in the-C,H; product
(Sec. I B.

An alternative G?PJ-) trajectory undeiC,; symmetry on

The partitioning of the total available energy into the
translational, rotational, and vibrational degrees of freedom

3 . . ; of the n-C4H; radical as well as the collision energy depen-
the°A surface might mduce_ rotations about theB, andQ dent P(E;) shape reveal information on the exit transition
axes of 1-methylpropendiylidene and—after H migra-

i £ 1-methvl I but d i N .state. The framework of an ideal RRKM system requires that
lon—ot 1-methylpropargylene, but does not SUpport & Maxiq,i channel interactions, i.e., the coupling between the reac-

tmhum overlapfof ?Oth tp?.rpendmulap W.'th 177éorb|téals. Fur— tion coordinate(translation and internal motion beyond the
A?Lmoret, t‘?‘ reely ro .a; mr? dg Igroupt in ( )tup terr;:nes critical configuration, must be small. This condition is only
\-lIK€ rotations, since Its hydrogen atoms rotate 1o the Samg, g0 jn joose transition states, implying the reverse reac-
side as the incorporated carbon atom. Hence, the requirgl ¢ H4n-C.H. to 1 methylpropargylene holds no en
-C4Hs3 - -

forward-peakedr () cannot be supplied. trance barrier. As shown in Sec. lll C, the exit transition state
is located at least 30—60 kJmOl above the products,
indicating that the C-H bond rupture in triplet
C. Lifetime of the triplet 1-methylpropargylene 1-methylpropargylene does not follow the patterns of an
complex ideal RRKM system with a loose transition state. On the
other hand, Marcus’ tight transition state theory quantifies a

The rotational period of the 1-methylpropargylene com-~". , . . : . :
plex can act as a clock in the molecular beam experiment ang> "9 fraction of total available energy into vibration with

can be used to estimate the lifetimeof the decomposing 'créasing collision energy, if the decomposing triplgHg.
complex at a relative collision energy of 33.2 kJmblThe complex has many degrees of freedom. BB{Ey)s clearly

osculating model relates the intensity ratio Tf6) at both underlhr:e a tight transgon _sta;e, but wﬂh:nbourerror(;lmltsag
poles tor via Eq. (17) complete energy randomization cannot be proved or dis-

proved. These deviations from the loose transition state are

. . trot based on dynamical effects during the separation of frag-
1(180%)/1(0 )=exp< _Z>’ 17) ments into products together with a significant geometry
) . ) change from the triplet 1-methylpropargylene complex.
wheret,,; represents the rotational period with: Comparing the bond order80) of n-C,Hs, Fig. 1 (1a/b
tro= 2771 I - (18  Wwith those of methylpropargylene, Fig. 116a—9, supports

this approach: In the case of a propargylene-like, 1-3 diradi-
I; represents the moment of inertia of the complex rotating.g (16a), the C—C bond orders change from two times 2.5
around thei-axis, andL,,, the maximum orbital angular snd 1.0 to an acetyleni¢BO=3), olefinic (BO=2) and
momentum. Using theb initio geometries of propargylene gpjfted aliphatic C—C bon(BO=1). If (16) exists as a trip-
and a C—CHdistance in(16) of 1.47 A, we can estimate the |et carbeng(16b/0, the conversion of the C—C single bond
rotational period of the methylpropargylene complex: aroundocated at the carbene center to a partially delocalize€C
the A axis we findt(A)=0.01-0.02 ps, and around the pond increases the bond strength-6250 kJmol ™. Finally,
B/C axis we obtairt,,(B,C)=1-2 ps. Plugging in all data  an jsotropicT(¢) distribution as compared to the forward
in Eq. (17) vyields a lifetime of the triplet peaked  distribution  seen  in  the  reaction
1-methylpropargylene complex equal to one rotational peC(3Pj)+C2H2—>C3H+H (Sec. Il D and Ref. 1¥implies the
riod. The absolute value of depends dramatically on the zqgditional modes of the CHgroup induce the long-lived

rotation axis, i.e.B, C vs A. Since reactions with a collision  complex behavior and that the energy randomization in the
time <0.1 ps follow direct scattering dynamics, tfi€6) at  cojlision complex might be complete.

33.2 kdmol?! relative collision energy should be strongly
forward peaked, if the complex rotated around fheaxis.
Our data show only a moderate peaked center-of-mass ang
lar distribution at 33.2 kJmol and an isotropic one at 22.4
kdmol L. Therefore, rotation about th& axis can be elimi- Based on our experimental results, any of the pathways
nated as already suggested in Sec. IV B, and end-over-ertd C,H; isomers(2)—(6) might show additional contributions
rotation around th&- or C-axis of (16) takes place. Due to at lower collision energy. The electron density change of
the optimal orbital overlap(Sec. IV B, C-like rotations each triplet GH, complex fragmenting t§3)—(6) suggest a
should dominate. Compared to the forward peakéd) as tight transition state as expected from the center of mass
found in the crossed beam reactio(FE%)+C2H2ﬂC3H+H translational energy distribution. Since the relative collision
at a relative collision energy of 8.8 kJmd| the enhanced energy increases by only 10 kJmadl formation of only one
complex lifetime is a direct consequence of the additional 9somer of (2)—(6) with no n-C,H; formation is hard to ex-
vibrational modes of the C{group. A similar behavior con- plain. The isotropic center-of-mass angular distribution
tributes to the increased lifetime of the triplet 1-methylallenemight open a potential two channel fit ofC,H; and a sec-
complex [crossed beam  reaction (@j)JngHG ond GH; isomer as well. However, neither transition state
—C4He—C,Hs+H (Ref. 69] vs triplet allend crossed beam frequencies are available, and the experimental data alone
reaction (L‘3Pj)+C2H4—>C3H4—>C3H3+H (Ref. 69]. cannot resolve this question.

IL:J. Alternative isomers at lower collision energy
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V. IMPLICATIONS TO INTERSTELLAR CHEMISTRY 1-methylpropargylene. Within 1-2 ps, the complex decom-
AND COMBUSTION PROCESSES poses via hydrogen emission meC,H;. The exit transition
The crossed beam setup represents a versatile tool &at€ is found to be tight and located at least 30-60 k3ol

study reaction products as well as chemical dynamics ofPOve the products. The explicit identification of tneC,H;
neutral—neutral reactions relevant to combustion procességdical under single collision represents a further example of
and interstellar chemistry under well-defined reactant condi@ carbon—hydrogen exchange in reactions of ground-state
tions. Here, the explicit identification of the C,H radical ~ ¢&rbon atoms with unsaturated hydrocarbons. This channel
under single collision conditions depicts a third example ofoP€NS & versatile pathway to synthesize extremely reactive
the carbon-hydrogen exchange channel in the reaction diydrocarbon radicals relevant to combustion processes as

C(%P;) with unsaturated hydrocarbons studied recently in outell as interstellar chemistry.
lab’ L7 Note added in proofThe assignment of the symmertry

of the electronic wave function fo€,, molecules follows
C(®Pj) + CoHy(X'2 g ) = CaH+H(%S)), (190  the convention that the molecular plane is defined as the
mirror plane, e.g., X2B,) instead of GH3(X?B,).
C(3P;) + CoHy( X A1) — 1-CyHy(X?B,) + H(®Sy). P 9. §1(X"B2) G(X°By)
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