Crossed-beam reaction of carbon atoms with hydrocarbon molecules. I.
Chemical dynamics of the propargyl radical formation, C sHs (X?B,),
from reaction of C( >P;) with ethylene, C ,Hy (XA )
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The reaction between ground-state carbon atorﬁ@j(): and ethylene, §H4(X1Ag), was studied at
average collision energies of 17.1 and 38.3 kJrholsing the crossed molecular beams technique.
Product angular distributions and time-of-flight spectra af/e=39 were recorded.
Forward-convolution fitting of the results yields a maximum energy release as well as angular
distributions consistent with the formation of the propargyl radical inXf8, state. Reaction
dynamics inferred from the experimental data indicate two microchannels, both initiated by attack
of the carbon atom to the-orbital of the ethylene molecule via a loose, reactant like transition state
located at the centrifugal barrier. Following, symmetry on the ground statd” surface, the
initially formed triplet cyclopropylidene complex rotates in a plane roughly perpendicular to the
total angular momentum vector around @saxis, undergoes ring opening to triplet allene, and
decomposes via hydrogen emission through a tight transition state to the propargyl radical. The
initial and final orbital angular momenta andL’ are weakly coupled and result in an isotropic
center-of-mass angular distribution. A second microchannel arises from A-like rotations of the
cyclopropylidene complex, followed by ring opening and H-atom elimination. In this case, a strong
L-L'" correlation leads to a forward-scattered center-of-mass angular distribution. The explicit
identification of GH5 under single collision conditions represents a single, one-step mechanism to
build up hydrocarbon radicals. Our findings strongly demand incorporation of distinct product
isomers of carbon atom-neutral reactions in reaction networks simulating chemistry in combustion
processes, the interstellar medium, as well as in outflows of carbon stars, and open the search for the
hitherto unobserved interstellar propargyl radical. 196 American Institute of Physics.
[S0021-960626)00639-3

- INTRODUCTION CHy(a'Ay) +CoHa(X *3g) = CaHa(X *B2) + H(*S1), (1)
The propargy! radical in it$B, electronic ground state 1 5 5

holds the global minimum on the;H; potential energy sur- CaHa(X7A1) = CgHa(X "B,) + H("Syp), @

face(P_ES apd has recelvgd can|derabIe attention due to 't%H3CCH(X1A1)—>C3H3(X 2B,)+ H(%S,,). 3

potential importance in interstellar and planetary

chemistry™2 and contribution to combustion procesges. Besides its relevance in combustion chemistry, the pro-

High propargyl concentrations are predicted in oxygen richpargyl isomer is expected to exist in interstellar and plan-
hydrocarbon flames due to a partial delocalization of the unetary environments. Its potential ethylene precursor has been
pairedB, electron and an inherent low reaction rate constanfvidely incorporated into photochemical models of the strato-
of k(295 K)=5x10"** cm®s™* with O,.® Current combus-  sphere of Jupiter, Saturn, Uranus, Neptune, and Fhas
tion models postulate that soot formation and synthesis ojvell as into sophisticated ion-molecule networks of the Jo-
polycyclic aromatic hydrocarbon@AHs) are strongly cor-  vian ionospheré® The very first detection of ethylene out-
related and initiated by recombination of twaHg radicals  side our solar system in circumstellar shtliieled Herbst

to CeHg isomers[k(295 K)=1.2x107'° cm®s™] followed et al.to include the reaction of @P;) with C,H, in a generic

by stepwise ring growth to larger PAHsHowever, little is  chemical model of the circumstellar envelope surrounding
known on the synthesis of the propargyl radical in hydrocar{RC+10216, postulating the existence ofHg products'®

bon flames. Adamson investigated the reaction of singlet meSince the reaction network was based simply on spin-
thylcarbene with acetylene, reactiofl), as a potential conservation and thermochemistry without investigation of
pathway:® whereas a unimolecular decomposition of vibra-the chemical dynamics, the explicit identification of any hith-
tionally excited singlet allene or methylacetylengHz via  erto unobserved interstellaryi8; isomer remains to be re-
C—H bond rupture, is suggested as a propargyl source, reagolved, cf. Fig. 1.

tions (2) and (3)* Previous mechanistic information on the G#G-system
was derived from radioactive tracer studies of suprathermal

11~3 11~1 ; ; ;
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body collision, undergoes 1,3-hydrogen migration to methy-
g lacetylene(3) prior to its collisional deactivation, or is as-
- _ sumed to fragment to hydrogen an radicals. To a mi-
H—C—C—CH, @ *C—C—CH; nor amount, hot!'C(*D,) inserts in gl-(é—H bond to singlet
w® e vinylcarbene(4). Intermediate(4) undergoes 1,2- or 2,3-H
migration to singlet allen€2), or methylacetylend3), re-
@® 2 3) spectively, before a third body deactivation takes place.
Thermal**C(*D,) atoms, however, are found to add exclu-
sively to the ethylener-bond.

/Ciz m'""'C=C=<:: Suprathermal'C(*P;) inserts into C—H bonds yielding
A i triplet vinylcarbene(5) and adds to olefinic double bonds to
oe—CH triplet cyclopropylidene(6). The yield of C—H insertion
products is reduced with increasing thermalization of the hot
“) 5) c(®p;) atoms. Both triplet intermediate®) and (6) are

postulated to lose H to form 8, radicals with subsequent
FIG. 1. Point groups, electronic ground states, and enthalpy of formations JRttack  of ~a second ethylene molecule, producing
C,H, isomers relative to the propargyl radicél) propargyl(C,,, ?B,, 0 1-propyneyl-5(7) and 1,2-pentadienyl-%8). Internally ex-
IiJ T(%rl);z(é) a;tlﬁgrop??)-.l(zl(%w E, 1002iZE"CkJ g/l?f;)é 3(3|2JPFODT>'1;{- cited (7) and(8) abstract hydrogen atoms yielding 1-propyne
(Syallefwh)’/l ((fl, 2, Z;T(])Ok.] ’rnoTlc))./(fA%zrc?IBteenen{haIE;/ of ’formatio?sozﬁl)’ (9) and 1,2—p_entad|e_n(d0). Vlnylac_etylene_ is assumed to be
and(2) were taken from Ref. 26. generated via reaction of,8, radicals with ethylene mol-
ecules. The diminished concentration of vinylacetylene and
acetylene goes hand in hand with a decreasing internal exci-
bulk conditionst®~2° Four product classes were identified: tation of triplet GH, intermediates, suggesting,&, as a
C,H, (class 3, CsH, products(class 2, vinylacetylengclass ~ fragmentation product via €C bond rupture in5) or indi-
3), and allene/methylacetylendclass 4. Suprathermal rectly via vinylidenecarbenéll) after ring cleavage of6)
1c(p,) atoms add to the olefinic double bond to singletand 1,2-H-migration. Postulated cyclopropylidene intermedi-
cyclopropylidene(1, Fig. 2 followed by insertion between ates were trapped as dimethyl-spirafiE as reaction prod-
the previously joined carbon atoms to singlet all€é®e The  ucts of carbon recoils with 2-butene.
vibrationally excited molecule could be stabilized via a third Here, we investigate the detailed chemical dynamics of

M
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FIG. 2. Postulated reaction mechanisms and detected products in thté,G4Gtem as derived from bulk experiments of supratheﬁlﬁ}'iFPi) and“C(le)
recoil atoms with GH,, C,D,, C,H,/O,, and GH,/Ne mixtures.
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TABLE |. Experimental beam conditions andrlerrors: Most probable velocity,, speed ratioS, most
probable relative collision energy with the ethylene molecuigs,, center-of-mass anglégy, , composition of
the carbon beam, and flux factby in relative units, cf. Sec. IV A.

Beam vg, Mst S E.on, kI mol'? Bcm C;:C,:Cq f,
CCP))INe 1850-30  4.5:0.3 17.20.7 453-08  1.0618 10
CCP))He 2900-80  4.0-0.2 38.3-2.1 34116 10203 5611
CH, 84040  8.3+0.2
the atom-neutral reaction of(;) with C,H,(X*Ay) under  1ll. DATA ANALYSIS

single collision conditions at relative collision energies of

17.1 and 38.3 kJmol as provided in crossed molecular

beam experiments. The detailed information on the reac-  The velocity distribution of each supersonic parent beam

tion dynamics disclose the nature of the triplgHg PES, the  is defined by

formation of GH; isomers in interstellar environments and v 2
N(v)=v? exp(—(—o—s) )

A. Velocity and speed ratio of the parent beams

hydrocarbon flames, reaction intermediates postulated in

bulk experiments, and offer a valuable comparison to the
3 1 : ; ;

o PJ)Z?;C2H4(X Ag) reaction studied recently in our with the velocityv,, the speed rati®, anda=m/2RT, mass

group: of the moleculgatom) m, the temperature of the beafnand

the ideal gas constaR. A transformation from the velocity
to time domain yields

4

Il. EXPERIMENT

3 L 2

The reactive scattering experiments are performed in a N(t)= e EXF{ “\at S) ) ®)
universal crossed molecular beam apparatus described in
Ref. 29. A pulsed supersonic carbon beam was generated weherelL is the neutral flight length. The most probable ve-
laser ablation of graphite at 266 nihThe 50/30 Hz, 35—-40 locity and speed ratio are fitted after convolution over the
mJ output of a Spectra Physics GCR-270-50/30 Nd:YAGionizer length and the shutter function of the chopper wheel
laser is focused onto a rotating carbon rod. Ablated carbofiTable ).
atoms are seeded into ne@9.999%, Bay Area Gagex-
periment ) or helium(99.999%, Bay Area Gasexperiment
2) released by a Proch—Trickl pulsed valve _operating at 10§ tof spectra and laboratory angular distribution
Hz or 60 Hz, 80us pulses, and 4 atm backing pressure. A
four slot chopper wheel mounted 40 mm after the ablation Information on the velocity and angular distributions of
zone selects a 9.0/7/& segment of the seeded carbon beampProducts in the center-of-mass coordinate system was ob-
Table | compiles the experimental beam conditions. Thdained by fitting the TOF spectra and the product angular
pulsed carbon beam and a continuous ethylé3@99%, distribution in the laboratory frame using a forward-
Mathesoh beam with 584:10 Torr backing pressure pass convolution routiné*3® This iterative approach initially
through skimmers with apertures of 1.0 and 0.58 mm, an@U€sses the angular flux distributidi{6) and the transla-
cross at 90° with divergences of 3.0° and 4.7° in the interactional energy flux distributiorP(Ey) in the center-of-mass
tion region of the scattering chamber at relative collisionSystem(CM) which are assumed to be independent of each
energies of 17.1 and 38.3 kJmdl The reactively scattered other. Since neither of the reactants is polarized, the cylin-
products were detected in the plane of the beams using grical symmetry of the scattering process around the relative
rotatable detector consisting of a Brink-type electron-impac¥elocity vector in the CM-system restricts the angular depen-
ionizer®! quadrupole mass filter, and a Daly ion detettat dence tod, the scattering angle in the center-of-mass coordi-
different laboratory angles between $4nd 60.8 with re- ~ nate system measured from the direction of the carbon beam.
spect to the carbon beam in 25.0 steps. The velocity TheP(E7) is chosen as a parameterized function
distribution of the products was determined using the time- e _
of-flight (TOF) techniqué® choosing a channel width of 10 P(Er)=(Er=B)" (Eq ~Ep)" ©
us. Counting times ranged from 0.5-5 h, averaged over sevkFhe B-parameter is related to the exit barrier wk=0 for a
eral angular scans. The velocity of the supersonic carbosimple bond rupture without an exit-barrier. Peaking at a
beam was monitored frequently after taking the data for 2—4inite valueEp and for B#0, the first argument in E(6)
angles and minor velocity drifts corrected by adjusting thegoverns the energy difference B and the low energy tail
laser pulse delay withint1 us3° Reference angles were whereE;—0, whereas the second argument describes a de-
chosen at 35and 47.8, respectively, to calibrate fluctuating caying function fromEp to the high energy tail. Likewise,
carbon beam intensities and mass dial settings at the quadrti{6) is defined as a sum of up to five Legendre-polynomials
pole controller. P,(cos ) with coefficientsa,;
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5 TABLE Il. Thermochemistry of the reaction(EPj)+CzH4(X lAg). Enthal-
_ pies of formations were taken from Refs. 26, 36«8B8annels 12—13 The
() ;) 2 X Py(cos 0). @) designation of the gH; isomers(channels 1-pfollows Fig. 1. GH, iso-

mers (channels 6-1)11 are cyclopropenylidengc-C;H,), propargylene
Laboratory TOF spectra and the laboratory angular dis¢HCCCH), and vinylidenecarben@CCCH,).

tribution (LAB) were calculated from th&(6) and P(Ey)

ot ; ; : Reaction enthalpy at 0 K,
d|st.r|.but|ons, and faveraged over a grid of Newton diagrams M Exit charnel ALH(0 K), k3 mol *
defining the velocity and angular spread of each beam, de-
tector acceptance angle, and the ionizer length. Best fits werel H2CCCH(X22%2)+H2(231/2) —215.5+8.4
obtained by iteratively refining the Legendre-coefficients and 2 ché'*é(& ZEE))I:E%/;)) Thsees

. / - —
adjustaplgP(ET) parameters. . . 2 ¢'-CaHa(X 2A") +H(3S, ) +17+23
Collision energy _dependent relative cross sections are 5 HCCCH(X 2A;) +H(S,) 4+56+95
computed by integrating (6) and P(E+): 6 C-CaHy(X TA) +Hy(X 57) —284.2+10
5 7 HCCCHX °B)+H,(X 137) —222+20
P e e . 8 CCCHy(X 1A)) +Hy(X I35) —194+10
o (E)—f0 fo fo P(E;)T(0)sin 6dodedEy. (8) 9 HCCCHa YA+ HA(X 12;1) 157405

_ _ . o - 10 c-CaHy(a 3A;) +Hy(X 135) —67+10
Since the product yield under single collision conditions fol- 11 CCgHg(a 3Bl)2+H2(x 1zg)1 —46+10
lows Eq.(9) with the number density of thizh reactant, 12 1-CHX L) +HCS; ) +HA(X "2q) +154+15
and the relative velocity,, ¢’ has to be scaled by the flux ii °'C3H((:Q)‘((XBEE)T)H+( ZSHl/Z(); 'fEZ(f() g) ng'gié%
factor f, (Table ): 15 C(a °I1) +2H(X 15.5) +241.3-0.5

u 2 g . .

_ _ 16 GHy(X 2A")+CH(X 2I)) +118.5
dn,/dt=0Xn(C)Xn(C,H,) Xv,=0'XT,. 9 17 X 154 + Chy(X 3812) 1eo

18 CH(X 237 + CHy(X 2A}) —60+4
IV. RESULTS AND ANALYSIS 19 CAX 13 3)+CHy(X 1A,) -9.8

A. Reactive scattering signal

Reactive scattering signal was only observednde

=39, i.e., GH;. TOF spectra ofn/e=36-38 were recorded maximum energy release of differenttG; isomers confine

at several laboratory angles, but depict identical patterns wit@nergetically accessible products to the propargyl,
de.CI"eaSing. intenSi'ty. Therefore, the Slgnalmite=36—38 Cyc|0pr0pen-1-y|’ or propyn-l-y| isomer. Cyc|opr0pen_2_y|
originates in cracking of the £i; parent in the ionizer, and can most likely be eliminated, since its observable range is
channel 6-15 are not observed within detection lirfiiable  restricted between~42—47 at lower, and ~15—4% at

II). In addition, no radiative association taif; (m/e=40)  hjgher collision energies. Reactive scattering signal, how-
or higher masses were detected. Endothermic channef§er, extends to at least 12.5—60adid 1058, respectively.
12-16 could th be opened at relative collision energies Ugontributions from the velocity spread of the carbon beam
to 38.3 kJmol~ employed in the present experiments. (Table )) can hardly account for this discrepancy. The allenyl

The detection of reactive scattering productsi&; C;H,  jsomer is energetically inaccessible at both collision energies
and G (channel 17—1psuffers from the inherent high back- znd is excluded from the discussion.

ground level at these masses arising from fragmentation of

C,H, in the detector. Attempts were made to identify these

channels by replacing the continuougH; source by a sec- C. Center-of-mass translational energy distribution,
ond pulsed valve with 0.25 mm nozzle diameter operating aP(E )

30 Hz with 1 atm backing pressure and increasing the pump-
ing speed in the main chamber. Nevertheless, no reactivg1a
scattering signal was observednate=26, 25, 24, 16, or 15.
Upper limits of 60%(channel 1Y and 25%(channel 18 and
3% (channel 19 relative tom/e=39 signal were derived.

The translational energy distributions in the center-of-
ss-framd?(E) are presented together with the center-of-
mass angular distribution§(6) in Figs. 7—8. Best fits of
TOF spectra and LAB distributions were achieved with
P(E+)s extending toE,,,,=230 and 255 kJmol, respec-
tively. The fits are relatively insensitive to tlgeparameter
(Sec. Il B:: Adding or cutting the high energy tail by 20
kJmol ! did not affect the calculated data due to the limited
The most probable Newton diagrams of the reactionsignal to noise ratio and the unfavorable kinematic relation
C(3Pj)+C2H4(X1Ag)—>C3H3+H and the laboratory angular as well as the uncertainty in the velocity spread of the carbon
distributions of the GH3 product are displayed in Figs. 3 and beam. The magnitude d,,,, can be used to identify the
4 at collision energies of 17.1 and 38.3 kJmplrespec- nature of the product isomer if their energetics are well sepa-
tively; TOF spectra are presented in Figs. 5 and 6. Both LABrated. Table 1ll compiles the maximal translational energy
distributions are very broad, and products are spread at leastlease, i.e., the sum of the reaction exothermicity and rela-
over a range of 50in the scattering plane suggesting a largetive collision energy, with the reasonable approximation of
average translational energy release. Comparison of this scateld ethylene molecules in the supersonic expansion. The
tering range with limiting circles which correspond to the formation of the propargyl isomer is consistent with the ex-

B. Laboratory angular distribution (LAB) and TOF
spectra
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FIG. 3. Lower: Newton diagram for the reaction®®;)+C,Hy(X 'Ag) ata  FIG. 4. Lower: Newton diagram for the reactiort®®;)+C,Hy(X *Ag) at a
collision energy of 17.1 kJmotl. The circles stand for the maximum collision energy of 38.3 kJ mot. The circles stand for the maximum
center-of-mass recoil velocity of different@s-isomers; from outer to in-  center-of-mass recoil velocity of different;8; isomers; from outer to in-

ner: Propargyl, cyclopropen-1-yl, and propyn-1-yl. Upper: Laboratory angu-ner: Propargyl, cyclopropen-1-yl, propyn-1-yl, and cyclopropen-2-yl. Up-
lar distribution of product channel a/e=39. Circles and & error bars  per: Laboratory angular distribution of product channemae=39. Circles
indicate experimental data, the solid lines the calculated distributions for th@nd I error bars indicate experimental data, the solid lines the calculated
upper and lower carbon beam velocifyable ). C.M. designates the center- distributions for the upper and lower carbon beam velo€Tigble ). C.M.
of-mass angle. The solid lines point to distinct laboratory angles whosdlesignates the center-of-mass angle. The solid lines point to distinct labora-
TOFs are shown in Fig. 5. tory angles whose TOFs are shown in Fig. 6.

perimentally determined high energy cutoff. Even within the2.0£0.1 as the collision energy rises. Since the total fraction
error limits, the 100 kJmoF less stable cyclopropenyl radi- f of forward-scattered signal with respect to the carbon beam
cal can be clearly dismissdéig. 1). slightly decreases frorh (17.1 kJmol'1)=13+2% to f(38.3
Besides identification of structural isomers, the mostkJmol t)=8+2% with increasing collision energy, the shape
probable translational energy gives the order-of-magnitudef the T(6)s does not propose the existence of a conventional
of the barrier height in the exit channel. Bd#{E{)s show  osculating GH, complex?®#! The results rather suggest two
a broad plateau between 28-43 kJifohearly independent microchannels: A forward-scattered contribution with a
of the collision energy. These data clearly indicate a signifi-strong correlation of the initial and final orbital angular mo-
cant geometry as well as electron density change from theentalL andL’ perpendicular to the initial and final relative
C;H, complex to the products resulting in a repulsive bondvelocity vectorsv andv’ (microchannel Land an isotropic
rupture from a tight transition state. The existence of an exithannel, possibly symmetric arourtd=m/2 (microchannel
potential energy barrier is further indicated by the large frac2), but governed by a weak andL’ coupling allowing any
tion of energy released into translational motion of the prod-of the four hydrogen atoms to depart, if the exit barriers are
ucts, i.e., 3%3% and 42-3%, respectively. close together. Two alternative scenarios might account for a
potential forward—backward symmetry of the center-of-mass
0 angular distribution of microchannel 2. First, the decompos-
ing C4H; complex could hold a lifetime longer than its rota-
Both T(6)s are weakly polarized and show an intensity tional period®**~** Second, a symmetric transition state might
ratio of T(#) at #=0° to 180° increasing from 170.1 to  result in a center-of-mass angular distribution symmetric

D. Center-of-mass angular distribution,
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FIG. 5. Time-of-flight data at/e=39 for laboratory angle 27.5, 37.5, 45.0, FIG. 6. Time-of-flight data at/e=39 for laboratory angle 15.0, 20.0, 25.0,
475, 52.5, and 60.0° at a collision energy of 17.1 kJThoDpen circles  35.0, 45.0, and 55.0° at a collision energy of 38.3 kJthoDpen circles
represent experimental data, the solid line the fit. TOF spectra have bea@present experimental data, the solid line the fit. TOF spectra have been
normalized to the relative intensity at each angle. normalized to the relative intensity at each angle.

around7/2 despite a complex lifetime shorter than its rota- Lo —ub 12
tional period since the hydrogen atom from either end can max— M DmaXr» (12
depart with equal probability i and -6. where u is the reduced mass and the relative velocity of
The weak polarization of microchannel 2 can be underthe reactants: Thuk,,;,(17.1 kJmol')=99 andL,,,,(38.3
stood in terms of total angular momentum conservation anétJmol *)=128. Since GH, is produced in a supersonic ex-
angular momentum dispos&-*! The total angular momen- pansion and peaks at only B at a typical rotational tem-

tum J is given by perature of 30 K,j contributes less than 3% to the total
. R angular momentum, antlbecomes the initial orbital angular
J:L+J+Jn:|- +] +Jn* (10) mogmentumL ’

with the rotational angular momenta of the reactants and
productsj andj’, as well asj,, andj’,, the initial and final
nuclear momenta. In terms of a classical treatment and beaFurther, an upper limit ot ' can be estimated by assuming a
ing in mind thatj,<L, j,<j, j,<L’, andj/<j’, Eq. (100  relative velocity of the recoiling products corresponding to
reduces to Eq(11) the average translational energy releégSe), and choosing

J=L4j=L'+j’ (11) an acetylenic &C bond length of 1.08 A as the exit impact

: parameter to L'(17.1 kJmol)=204 and L'(38.3

A further simplification is introduced by comparing the kJmol %)=24#. SinceL’~0.2 L, L andL’ are not likely to
magnitude ofL andj. Since bulk experiments indicate that be strongly coupled on average, resulting in weakly polar-
the reaction of GP,) with olefins and alkynes proceeds ized T(6)s. This prevents us from classifying the decompos-
within orbiting limits*?> and our relative cross sections rise ing complex as prolate- or oblate-like solely basedTg#):
with decreasing collision energyec. IV B, the maximum In a prolate case, loviM’ values dominate, wher®’ de-
impact parameteb,,,, leading to a complex formation is notes the projection af on the decomposing complex’ prin-
approximated in terms of the classical capture theory taipal axis parallel to/’, and the complex decomposes in the
Bmaf17.1 kdmol)=3.7 A andb,,4(38.3 kJmol)=3.2 A plane containing the relative velocity vector. An oblate de-
(see Appendix A and Table IV The maximum orbital an- composition geometry directs lardé’ values, and a frag-
gular momenturi ., relates tob,,,, via mentation parallel td. Therefore, a sharply peakdd#) is

L~J=L'+j’. (13
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FIG. 7. Lower: Center-of-mass angular flux distribution for the reaction FIG. 8. Lower: Center-of-mass angular flux distribution for the reaction
CCP,)+CH (X A,) at a collision energy of 17.1 kJ mdk Upper: Center-  CCPj)+CzHi(X *Ay) at a collision energy of 38.3 kJ mal, Upper: Center-
of-mass translational energy flux distribution for the reaction Of:mass translational energy flux distribution for the reaction
CCP))+C,H(X *A,) at a collision energy of 17.1 ki midl Dashed and ~ CCPj))+CHy(X “Ay) at a collision energy of 38.3 kJ mol. Dashed and
solid lines limit the range of acceptable fits withior &rror bars. solid lines limit the range of acceptable fits withia- &rror bars.

expected only il andL'’ strongly correlated, i.e., parallel or tigated reaction rate constant_s a.t 29.3 K Q?R}) atqms with
alkynes as well as alkenes, indicating the reactions proceed

antiparallel withj'<L’, or if M’ is zero. This weak. —L' " 70 49 SN .
correlation is a direct result of large impact parameters conta.f:]. (k_;.ot. _I'lqt cm tSh ) Cwnhogt N entr?ncg Zarngr
tributing to the complex formation and the inability of the within orbiting limits, i.e., the C—GH, interaction is domi-

departing H atom to carry significant orbital angular momen_nated by a barrier-less, attractive long-range intermolecular

tum supporting recent bulk experime‘i‘?tand our findings of gfﬁi[g'tzqggggs gt“:'r?g Cr:nirit% ;a:O;;igﬁi?ﬁg::g;;nS"
a long-range term dominated interaction potential. .
g-rang P PES. Takind- ., from Table 1V, and Eq(A6), we calculate

the lower limit of barrier locations t&,,, (17.1 kmol't)=3

E. Flux contour map and total relative cross section A and R, (38.3 kJmolH)=2.6 A.

The center-of-mass flux contour map$(6,Eg) Simple capture calculations yield a cross section propor-
~T(0)xP(E;) for both collision energies are shown tional to Egy ** and [0 (17.1 kImol')/o(38.3
in Figs. 9—10. As expected from discus&d)s, the product  kIMOl H]eaprre=1.3+0.1. This treatment assumes the reac-
flux peaks in forward direction with respect to the carbontion proceeds with unit efficiency after barrier-crossing and
beam on the relative velocity vector. Integrating this flux under absence of steric effects. However, at higher relative
distribution over#d, ¢, E;, and correcting for the reactant collision energies the orbiting radii become comparable or
flux as well as relative reactant velocity, we find a total,Smaller than the van der Waals radii. Since the capture as-
relative cross section ratio ofr (17.1 kJmolY)/c(38.3  sumption is based solely on a long-rar@g attraction, this
kJmol )=3.5+1.1. This ratio is most sensitive to the approximation breaks down, and the structure of the mol-
fragmentation applied fo€5, especially in the Ne seeded ecule becomes important. Alternatively, the presence of a
experiments where larger carbon clusters contribt89% second reaction channel might contribute to this deviation.
to the carbon number densitfable ). Lowering the frag- Equation (14) outlines this alternative foj exit channels
mentation pattern of C; by 30% reduces o(17.1  With cross sections; at two collision energieg; andE,:

kJmol 1)/a(38.3 kdmol?) to 2.6+0.9. Nevertheless, the o(Ey) s o(Ey)
drop in the cross section with increasing collision energy is £ } =[§;—E} (14
consistent with recent bulk experimeftClary et al. inves- o(Ep) capre L 21=191(E2) | ocrivnen
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TABLE Ill. Comparison of the maximal available translational energy rele&gneoy. Of the reaction
C(3P;)+CoHy(X *Ag) —CsHa+H(®S, ) for different GH; isomers with experimental datByexp -

Etot(theov) ’ kJ morl Etot(exp) ’

Econ» kI molt  Propargyl Cyclopropen-1-yl  Propyn-1-yl Cyclopropen-2-yl Allenyl kJ moi™*
17.1 232+9 132+34 85+9 1+9 230+30

38.3 25310 153+35 106-10 2010 255+25

The framework of the capture theory cannot supply informa-microchannel 1 corresponds to rotations of the propargyl
tion on how many exit channels are involved and yields onlyradical around it<C, axis. Finally, the highest energetically
a total cross section, heré€E,) ando(E,). Assuming a con- accessiblK statesK,,,,, are computed assuming no vibra-
stant opacity function and an ideal, long range-term domitional excitation of the gHs. This gives us the upper limit of
nated potential, both sides in Ed.4) are identical only if we the average product rotational excitation and an order of
find all o;(E4) ando;(E,) or if only one channel is involved magnitude of the lowest tilt angle,, of the propargylC,
(j=1). Therefore, our data might suggest the existence of aixis with respect t¢’ in terms of the classical vector model
least a second channel leading to products witle ratios to

different from 39. Its relative cross section must increase _

with rising collision energy to reduce the right hand side of ~ @min=2arco$Kma,/j"). (16)

Eq. (14). As evident from Table V, the lowkK approximation

N _ yields an increasing channeling of total energy into rotational
F. Energy partition of total available energy degrees of freedom as the collision energy rises. The reduced

The total available energ\E,y, channels into product fraction of vibrational energy from 59% to 43% indicating an
translation E,,, rotation,E,,, and vibrationE,;, . E, can be ~ incomplete energy randomization before thgHgcomplex
obtained from theP(E+)s and, hence, equal&-), cf. Sec. decomposes, cf. Sec. V E. In case of zero vibrational excita-
IV C. Since the reaction products in the crossed beam experfion of the propargy| radlcal and uppkrlimit, the C; prin-
ment were identified as atomic hydrogen and the propargy$iPal axis tilts about 68° on average with respecy tand
radical, the rotational energy is confined to thgdgisomer. clearly indicates a dominant end-over-end-rotation of the
The rotational constantsA=9.6081 cm?, B=0.31757 CsHsradical. Even the assumption that microchannel 1 con-
cm ™%, andC=0.307 65 cm* classify this radical as a highly tributes solely to rotations around the propargyl figure axis is
prolate asymmetric top with asymmetry parameterconsistent with the energy conservatidrable V) as well as

xk=—0.9978" Its energy levels follow therefore in good ap- With a decreasing fraction of vibrational energy, in this case
proximation those of a symmetric top from 24% to 8%, as the relative collision energy rises.

E=hc[BJ(J+1)+(A—B)K?]. (15)

J denotes the rotational quantum number of(B9,=17.1 \; piSCUSSION
kdmol 1) and ~104 (E,,;=38.3 kJmol %) since the total an-
gular momentum is conserveld.indicates the component of The crossed beam method allows insight into the dynam-
the rotational angular momentum about the principal axisjcs of the reaction and reveals unprecedented information on
with K=0 for no rotation about the figure axis, but perpen-the reaction intermediate. In the following discussion, we
dicular to it, andK~J for a fast rotation about the principal outline all theoretically feasible reaction pathways on the
axis, with a slow end-over-end one. C;H, PESP®-5810 the propargyl radical without imposing any
Since no explicit information on th&-distribution is  dynamic or energetic constrainSec. V B. Thereafter, the
available, an exact solution of this problem is unrealizableobserved dynamics and energetics are compared to what is
Here, we calculate first the rotational energy Ko=0, and, expected based on these ad-hoc pathways. Channels not
therefore the maximal vibrational energy rele&sg in the  compatible with the experimental results are eliminated. This
propargyl product. This approach is referred to as “l6w approach ultimately identifies the remaining channel as the
approximation.” Second, we assume the forward-peakingnly possible one.

TABLE IV. Maximum impact parametds,,,,,, maximum initial orbital angular momenturh,,,,, and capture
cross sectiong at two relative collision energies.,, employed in the present experiments. Cross sections
are calculated for npP(b)=1], one[P(b)=2/3], and two[P(b)=21/3] repulsing surfaces of the split triplet
manifold.

Egon» kJ mol? Bma A Lma 0, A2[P(b)=1] o, A2[P(b)=2/3] o, A2[P(b)=1/3]

171 3.7 99 42 28 14
38.3 3.2 128 32 21 11
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FIG. 9. Contour flux map distribution for the reactio(r"Bj)+CzH4(X 1Ag)
at a collision energy of 17.1 kJ mdl. FIG. 10. Contour flux map distribution for the reaction
C(3P))+C,H,(X *A,) at a collision energy of 38.3 kJ midh,

A. C3H, ab initio potential energy surface s
participation of a cyclopropene complex can be ruled out as

We investigate two mechanisms, the addition ¢fFG)  well. A potential barrier connecting cyclopropylidene with
to the ethylenic-bond vs insertion into the olefinic C—H cyclopropene is located at least 120 kJnfaibove the tran-
bond, as well as the fate of the initially formed tripleftf;  sition state to allene. If a triplet cyclopropylidene complex is
intermediates. Addition of éPj) to the ethylenem-bond initially formed, the reaction proceeds via the lowest energy
yields cyclopropylidene, Fig. 11, followed by ring opening to pathway, in our case to allene. In this framework, the large
allene, or 1,2-hydrogen migration to cyclopropene. A 1,3-potential energy difference of both transition states and the
diradical tricarbon chain holds no local minimum on the trip- participation of only one isomer an/e=39 is consistent
let C;H, PES. Triplet-allene fragments via C—H bond cleav-with the TOFs and both LAB distributions, cf. Secs. IV A—
age to the propargyl radical or undergoes 1,2-H-migration tav D. The four remaining pathways differ by the migration
triplet trangcis vinylmethylene or 1,3-H-migration to triplet of a H atom before the final bond rupture, but cannot be
methylacetylene, which subsequently yields propargyl ofeduced further by investigating solely thgH; PES. How-
propyn-1-y1 via C—H bond rupture. Triplet cyclopropene ei-ever, hydrogen rearrangement prior to decomposition might
ther decomposes to cyclopropen-1-yl/cyclopropen-2-yl radipbe involved to certain extend.
cals, or ring opens to vinylmethylene. This might fragment to
the propargyl radical. C—H bond rupture in cycloprop-g. Rotation axis of decomposing C  sH, complexes
ylidene may vyield cyclopropen-2-yl. Finally, insertion of ) ) N
C(%P)) into the olefinic C—H bond leads to vinylmethylene.  The rotational motions of the prevailing8, complexes

The rigorous identification of the propargy! radical alone @€ Very interesting and help to explain the shapes of both

eliminates all exit channels to competingHG isomers. The T(6)s, if the distributions for distinct rotations are compared
to what is found experimentally. We point out that the initial

trajectory of the carbon atom prior to capture is unimportant
TABLE V. Minimum rotational energyE,, of the propargyl radical for  in the frame of the capture theory, since the potential energy
K =0, remaining vibrational energg,,, the highest energetically acces- s assumed to depend only on tg parameter. But sterical

sible K-states foiE,;,=0, and the minimum tilt angle,, of the propargyl - . . .
principal axis with respect tp'. The partitions of the total available energy effects and attractive chemical forces come into play if the

in percent fork =0 are included in parentheses. capture radius is in the order of the bond lengths, so that
certain approach geometries and rotations might be favored.

Bogi=17.1 B =383 Based on this, we identify allowed rotations in eacifH¢
kJ mol kJ mol intermediate, elucidate trajectories under highest possible

Eor, kd mol? 232 253 symmetry of (I3PJ-) toward GH, which excite these rota-
Ey, kI mol™ 71(31) 10541) tions, and discuss the range of contributing impact param-
I(Ejor;q((';r:lo' microchannel & 2310 3919 eters. Finally, we demonstrate that the title reaction proceeds

E.., (K=0, microchannel 2; 10545) 127(50) via addition to the ethylener-bond yielding cyclopropy-
K =J, microchannel }, kJ mol? lidene, followed by ring opening to allene and decomposition

kEJvib (KFTO, microchannel B 13859 10943 to propargyl and atomic hydrogen.
mo
E.i, (K=0, microchannel 2; 55(24) 20 (8) 1. Triplet allene complex
K =J, microchannel }, kJ mol*

K 36 22 Maintaining theC—C-Cplane as a plane of symmetry,
. 63 79 the carbon atom might add to theH, molecular plane con-
servingCg symmetry(Fig. 12). This pathway does not force
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TABLE VI. Principal moments of inertia, , in amu £, rotational constants in MHz, and asymmetry parametasbtriplet C;H, complexegTS: transition
statg calculated from geometries in Refs. 43-55.

Complex Ia lg lc A B C K
trans-vinylcarbene 8.8629 44.6369 53.4998 57022 11322 9446 -0.92
cis-vinylcarbene 7.3813 47.2273 54.6086 68468 10701 9254 —0.95
allene 5.3910 51.8501 57.2411 93746 9747 8829 —-0.98
allene(TS) 3.3489 58.3671 61.7160 150911 8658 8188 —0.99
methylacetylene 47216 45.5987 50.3203 107037 11083 10043 —-0.98

perpendicular approaches towards the @bond, but per- the triplet allene complex. The rotational period depends
mits rather in-plane trajectories skewed with respect to thetrongly on the rotational axif vs C and varies between
perpendicular vector. Sinde>j, the three heavy atoms ro- 0.04 and 0.57 ps. Reactions with collision time®.1 ps
tate in a plane roughly perpendicularltoaround theC-axis  follow direct reactive scattering dynamics with almost zero
of the prolate cyclopropylidene adduct. The successive ringntensity até=180°%' Based on this and a strongL ' cor-
opening to triplet allene conservé&s symmetry and con- relation, onlyA-like rotations and H2-C3/H3-C1 bond rup-
verts the previously out-of-plarté-atoms into the symmetry tures should contribute to the forward-peaked microchannel
plane. This scenario opens larger impact parameters thah This conclusion is consistent with the partition of energy
typical CH, bond dimensions of (C=C)=1.325 A, and into the rotational degrees of freedom and the total conser-
r(C—H)=1.076 A compared to the largedominated opac- vation of energy(Table V), calculated for a dominant end-
ity function with b,,,,=3.7 and 3.2 ASecs. IVD and IV E over-end rotation of propargymicrochannel 2and contri-

In addition, the nearly in-plane rotation about tlieaxis  butions of 8%-14%A-like rotations (microchannel 1
gives rise to extremely low values and, therefore, a negli- However, a rapid inversion of triplet allene via a plariag,
gible 3 component about th€, figure axis of the triplet transition stat€Fig. 13 could induce a symmetric exit tran-
allene. This rotation axis could be associated with preferensition state as well a§(6) and could contradict our findings.
tially low K states populated in the propargyl product. There-Although the inversion barrier height ranges about 25
fore, our results suggest thétlike rotations of the triplet kJmol *, well below the total available energy, the transition
allene complex contribute predominantly to the isotropic mi-state would rotate fast about its principal axis wih=J.
crochannel 2, and that any of the four hydrogen atbtds-  This increases the inversion barrier to at least 420 kJfra

H4 departs with almost equal probability to yield a weakE ,,=17.1 kJmol* and 650 kJmol* at E.,;=38.3 kJmol },
L-L’ correlation. Alternatively, a long-lived complex behav- well above the total available energy. Bulk experiments sup-
ior was suggested in Sec. IV D, but can likely be dismissedport our conclusion of dominatin@-rotations. The typical
The rising collision energy should reduce the lifetime of thetime between two collisions of the initially formed;@&,
triplet allene complex and would have resulted in a morecomplex in''C tracer studies and a second bath molecule are
forward scattered fraction which was not verified in our ex-on the order of 1 ps at 100 Torr neat ethylene. A lifetime at

periments. least one order of magnitude less cannot account for detected
In addition, a parallel approach of(%Pj) with respectto C5 compounds.
the ethylene plane undeC, symmetry induces rotations Finally, we discuss the potential contribution Bftype

around the cyclopropylidend-axis, Figs. 12 and 13. Ring rotations of the triplet allene complékig. 13. B-transitions
opening yields triplet allene. The rotation perieg; of the  can be excited by-atom trajectories following; symme-
complex around it#\-axis helps us to elucidate the effect of try and give rise to a symmetric exit transition state, since
these trajectories on thd@(6)s. Investigating a rotation H2 andH3 as well asH4 andH1 can depart from either
around the -axis, 7 is calculated via Eq(17) end, cf. Sec. IV D. Therefore, the strongly forward scattered
ro= 27 1L 17) microchannel 2 can be dismiss_ed. Bas_gd only on t_he experi-
ot tmmax mentally foundT(6), a symmetric transition state might ex-
with the moment of inertid; in respect to thé-axis and the plain microchannel 2. Compared to reactions conser@dng
maximum angular momenturb,,,,. Table 7 compiles the symmetry, however, encounters without any symmetry ele-
calculated rotational periods around theB, andC-axis of  ment show a reduced overlap of tpetype orbitals of the
C-atom with them-molecular orbital of the ethylene mol-

, _ , _ ecule, and should be energetically less favorable.
TABLE VII. Rotational periodsr,, of triplet allene calculated for rotations

about theA, B, and C axis at collision energyE . Ly denotes the

maximum impact parameter. 2. Triplet cis/trans vinylcarbene complex
Eecul A pathway to tripletcig/trans vinylcarbene follows ei-

kJ morl™! I Loac 2 7rof(A), PS 7io(B), PS 7o C), PS ther 1,2-H-migration in triplet allene or a direct insertion of
o1 17 99 0.05 052 057 C(_ PJ-.) into a Q—H bopd qf ethylene. Flgure 13 displays the
383 20 128 0.04 0.40 0.44 principal rotational axis with the embodied carbon atom des-

ignated asC2 and C3, respectively. As evident, only a
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FIG. 11. Schematic representation of the lowest energy pathways on the tgHlePES and structure of potentially involved collision complexes. Enthalpies
of formation, electronic states, and were taken from Refs. 43-58: CyclopropylidEng01 kJ mol?, ®B;, C,,; allene(2/2): 405 kJ mot?, °A,, C,,;
cyclopropeng?3): ~720 kJ mol'%; propargyl(4): 557 kJ mol'%, 2B,, C,,; cis vinylcarbend5): 408 kJ mol'%, 3A”, C,; trans vinylcarbené6): 409 kJ mof ?,

A", Cq; methylacetyleng7): ~630 kJ mol'%; propyn-1-yl(8): 704 kJ moi?, 2E, Dg,; cyclopropen-1-yk9): 657 kJ mol, 2E”, Dg,; cyclopropen-2-y(10):

790 kJ mol'%, ?A’, C4++-?: No information available.

H2/C2 bond rupture in vinylcarbene yields the propargyleven 'C(*D,) add to thes-bond, but only suprathermal
radical. Since any of the four hydrogen atoms is required t&C-atoms in both spin states insert into the C—H bond. The
depart equally likely under weak andL’ coupling to ac- only remaining pathway té\-like rotations in vinylcarbene
count for the isotropy of microchannel(3ec. IV Q, a con-  involves a[3,2]-H-shift in triplet allene, rotating around its
tribution of a cis/trans vinylcarbene intermediate to micro-A-axis. Since the forward-peaking demands collision times
channel 2 can be likely ruled out. Further, onilike

rotations could give rise to microchannel one. The vinylcar-

bene complex rotating around tiB#C axis must hold life-

times of at least 0.4—0.3 ps to induce any forward-scattering,

but the strongly forward-scatterefi(d) at higher collision

energy requires collision times:0.1 ps to account for a = — — M
[ 4

strongL-L’ correlation® These rotations around theaxis

are induced, if (If’Pj) inserts via a perpendicular pathway

into the C—H bond of the ethylene molecule. This trajectory,

however, seems unlikely, since only a narrow range of im- ¢

pact parameters between 0.66 and 1.2 A contributes to reac- l

tive scattering signal. The overwhelming contribution of —

large impact parameters up to 3.7 A was already validated. — ?4.?4?%
Likewise, this insertion resembles a symmetry forbidden re-

action, and an entrance barrier Iarger than our maximum COIIEIG. 12. Approach geometries of the carbon atom toward the ethylene mol-

lision energy of 38.3 kdmof is (_axpected. Our intesrpretation ecule conserving, symmetry and induced rotations. Upper: Perpendicular
correlates with"C-tracer experiments: therm&liC(®P;) and  approach; lower: Parallel approach.
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8716 Kaiser, Lee, and Suits: Reaction of carbon atoms with hydrocarbons.

FIG. 13. Rotation axis of triplet {1, isomers calculated with moments of inertia of Table VI; @eaxis is perpendicular to the paper plane. Hydrogen atoms
are hatched. The designation is taken from Fig. 11. Top left: allene; top right: TS of allene inversion; bottais Mftylcarbene; bottom righttrans
vinylcarbene.

<0.1 ps, a hydrogen migration can most likely be excluded!try reduces toA’. The total electronic wave function is
Even a fas[l,z:l_H-rearrangement from Viny”dene to acety_ gained via the direct prOdUCt of the reactant’s wave function

lene takes more than 0.2 f%. (A" A7+ A ) XA = 2A7+ A’ (19)

3. Triplet methylacetylene complex The B, ground state of the propargy! radical reduceg\fan

The triplet allene-methylacetylene rearrangement in_CS symmetry(C-like rotations of the triplet allene complex

volves a symmetry-allowedl1,3]-H-shift®® similar to Sec. and thes state of hydrogen atom ta
V B. The height of this barrier, however, ranges well above  apA7x A’ =A". (19)
any conceivable one arising frof,2]-H-migration. Consid-
ering that the lower energy pathway is closg¢d,3]-H-  The ground state electronic wave functions of all triplet com-
migration cannot take place either. plexes and transition states involved in the elucidated reac-
tion pathway, i.e., cyclopropylidene and allene, belonging to
the A” representation. Therefore, reactants, collision com-
The symmetry of the total wave function has to be con-plexes, and products correlate on fesurface, and the title
served during the title reaction and is assumed to be sepaeaction can proceed on t€ ground state surface undeg
rable into an electronic and spin part. Since we are dealingymmetry via excitation ofC-like rotations. If the carbon
with light carbon atoms and the spin—orbit coupling constantatom approaches slightly off-axis, ti&, symmetry reduces
increases with the fourth power of the nuclear charge, thiso C; and the electronic wave function tA. Likewise,
simplification is justified. Interacting under highest possibleA-rotations of the decomposing triplet allene complex do not
Cs symmetry, theP-term of the carbon atom splits into the conserve the symmetry plane in the final carbon-hydrogen
irreducible representations”+A"+A’. The GH, symme-  bond rupture, and the symmetry of the electronic wave func-

C. Surface splitting

J. Chem. Phys., Vol. 105, No. 19, 15 November 1996
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121.0 triplet allene complex prior to decomposition. Hence, the
lifetime of the triplet GH, complex is too short.

H3 ‘05 \”5@ C Hl
3 E. Possible contributions from the singlet C  3H,
3 137.3 1
H4 H2

surface
117.5

The experimental results strongly indicate that the title
reaction proceeds on the ground-state triplet surface. How-
ever, we will also investigate the singlet PES for complete-
ness. Here, intersystem crossid@C) might occur if the
spin—orbit coupling operator acts as a perturbation capable
of mixing the triplet wave functioit®B, in cyclopropylidene,

H, 3A, in alleng with the final singlet wave functiot*A; in
1.063 1.223 1383 J/ cyclopropylidene and allene; reduced V@3, symmetry.
H3 C3 _C2 ‘Q 119.0 Since the operators transform as rotations, they span the ir-
‘g
(% H2

reducible representations,, B;, andB,. Hence, thea®B,
state of cyclopropylidene is mixed viaBy, spin—orbit op-
erator withX'A, and the allen&®A, state via aA, operator
to its electronic ground state. This direct product approach
FIG. 14. Equilibrium geometries of triplet allene and the propargy! radicalhowever, yields no information on the magnitude of the
Refs. 36-37. spin—orbit interaction. Since no heavy atom is present in our
complexes and the spin—orbit coupling constant rises with
the fourth power of the atomic number, the ISC crossing is
tion is reduced tdA. Finally, we point out that the opacity too slow compared to the lifetime of the GH, complex.
function P(b) might be different for théA (microchannel L~ This conclusion is consistent when comparing the rotational
and3A” surface(microchannel 2 This could account for the period of the triplet allene complex with typical ISC times-
deviation of the relative energy dependent cross sectiongales: Even the largest known ISC rate constants between
from the simple capture picture as well. 10'°—10' s for polycyclic aromats containing heavy at-
oms, e.g., bromonaphthalene, are at least one order of mag-
nitude too low®®
D. Exit transition state An alternative ISC mechanism follows a rotation of two
perpendicular 7-electron systems each filled with one
electron®®=%7n the case of triplet cyclopropylidene as well
as allene, the first electron occupieswatype orbital, the
second one a nonbonding orbital withsymmetry. There-
Sfore, this pathway cannot contribute to ISC in the title reac-
tion. Summarized, our findings indicate ISC should not play
3in important role and strongly correlate wi]ﬂC(3Pj/1D2)
Yracer experiments in , systems: allene molecules are
olely the reaction product of(éD,) with a single ethylene
olecule. (L\"Pj) yields triplet GH, which fragments or re-
cts with a second 41, molecule.

The collision energy dependeR(E;) shape and their
average translational energy releagés;) reveal the chemi-
cal dynamics between the moment of the triplet allene com

shown in Sec. IV C, botP(E+)s peak at 28—43 kJmot
and indicate that the C—H bond rupture in triplet allene doe
not resemble a system with a loose transition state. This fin
ing and the lack of intensity in botR(E)s below 3 and 12
kJmol ! suggest instead a tight transition state, and shoul
go hand in hand with a significant geometry change from th%
triplet allene complex to the propargyl radical. As evident
from Fig. 14, this requirement is fulfilled. Predominantly, the
C2-C3-bond length in the propargyl radical is reduced by
0.141 A, corresponding to a bond order increase from 1.5to  The dynamics of the reaction(@j) with C,H, were

3, and theC1-C2-C3 bond angle widens by 52.7°. The recently studied in our &8 and two major channels were
order of magnitude of the exit barrier is consistent whendetected. The oxygen—hydrogen exchange channel yields
compared to the 7-10 kJmdi peakingP(E;) of the reac- H+C,H;0 on the®A” surface via a short lived triplet 1,3
tion CCP)+CH, (X'S4)—1-CsH+H:®® The carbon CH,CH,0 diradical undergoing C—H bond rupture. Alterna-
chain is almost linear in the triplet propargylene complex,tively, the GH,O complex undergoes ISC, followed by 1,2-
HCCCH, as well as in the 1-# product, and the internu- hydrogen migration to acetaldyhyde and C—C bond rupture
clear distances differ by less than 0.05 A. But even the tighto CH; and HCO. The different dynamical behavior as com-
transition state theory of Marcus predicts an increasing fracpared to (I?P]-)JrCZH4 is solely the effect of a stable triplet-
tion of total available energy channeling into vibration as thel,3-diradical on the g4,0 PES and a successive ISC via
collision energy rises, if the energy is completely rotation of both perpendiculat-electron systems to a deep
randomized* Therefore, our decrease of fractional vibra- potential well. These dynamics increase the lifetime of the
tional energy deposition as the collision energy riégsc. complex and open up the channel of H-migration to acetal-
VI F) suggests an incomplete energy randomization in thelehyde. A triplet, 1,3 CKCH,C diradical, however, holds no

F. Comparison with the reaction O( 3P]-)+CZH4
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local minimum on the gH, PES and collapses to cyclopro- C,H,+C"—c—C3H3 +H, (22)
pylidene. ISC, successive ring opening to allene, and 1,2-H- .
migration to singlet methylacetylene are closed, and no —C—CgH; +Hy, (22

CHs-loss can occur. - CaHS HH, 29
hold higher rate constants withk(C*+C,H,; 293
K)=(1.2+0.1)x10 ° cm®s ! as compared to the atom neu-
The dynamics of the title reaction account for the unob-tral reactionk(C+C,H,; 293 K)=(2.0=0.1)x10 Pcm’s™?,
served exothermic exit channefable 1I). First, all singlet but modeling of high and low ionization phases in dark in-
channels 6, 8, and 9 tos8,-isomers as well as to Chi# 19,  terstellar clouds yielded neutral carbon fractional abundances
are closed, since the reaction proceeds via spin conservati@f about 10° and 107 vs C" data of ~3x10® and
on the triplet surface. Reactioi$0) and (11) to triplet cy-  3x10°, respectively’® White and Sandelf confirmed these
clopropenylidene and vinylidenecarbene must proceed vigalculations and observed neutral carbon fractional abun-
cyclopropylidene and allene, respectively. Channel 10 is alances between 300 ° and 5.0<10°’ toward OMC-1.
symmetry-forbidden, 4 center-4 electron eliminatigatro-  These data clearly undermine the order-of-magnitude advan-
addition of H, to the G=C in triplet cyclopropenylidene tage for the rate of ion-molecule reactions as compared to
whereas # 11 involves a symmetry forbidden, 3 center-4tom-molecule reactions. Most important, however, synthe-
electron elimination(retro cheletop reaction of Hwith vi-  sis of carbon-hydride radicals via atom-neutral reaction pro-
nylidenecarbene Both pathways are expected to involve aceeds in one step, eliminating the need for successive binary
symmetry imposed barrier: lower barrier limits of 82 encounters. Lowest applied translational energies-d¥.1
kJmol't (# 10) and 103 kJmal* (# 11) are reasonable for kJmol * in our experiments are equivalent to about 1500 K
this class of symmetry forbidden reactidfisReaction to and are easily accessible in the outflow of carbon stars with
triplet propargyleng# 7) must pass triplet allene, but geo- temperatures up to 4000 K. In addition, a verified rising re-
metrical constraints hinder this pathway. Further, eliminationactive cross sections with decreasing collision energy identi-
of a CH; group (# 18 remains unobserved, and the 1,3-H- fies this reaction class as a potentially important means to
migration to triplet methylacetylene is likely prevented in theform complex hydrocarbons even for dark and diffuse inter-
triplet allene complex. stellar clouds, but extrapolation to typical temperatures of
Channel 17 remains the only additional pathway. How-10—100 K depends on the absence of small entrance barriers.
ever, a direct fragmentation of cyclopropylidene or allene toOur findings, however, strongly encourage astronomical
C,H, is not feasible. The elimination must proceed via asearch for the hitherto unobserved propargyl isomer and hy-
cyclopropylidene ring cleavage[retrocycloaddition of drocarbon radicals as potential C—H exchange channels of
CH,(X3B,) to H,CC, vinylcarbenes)(lAl)] or a (il-cz atom-neutral reactions, e.g.,
bond cleavage in allene to GEK°B,)+H,CC (X*A,). 3p.
Since vinylcarbene ranges180 kJmol ! higher in energy COP)) + HCCCH—CaHatH. @49
than acetylene and the 1,2-H-migration tgHg involves a  In particular, methylacetylene has been widely observed to-
barrier of about 11 kJmot, the transition state is placed ward the Orion ridge and TMC-1. These clouds serve as
about 30 kJmol' above the reactants. Hence, channel 1gdeal targets to identify potential ,8s-isomers, perhaps
could only be opened at the higher collision energy of 38.3among unidentified microwave transitions in the spectrum
kJmol'* and might explain the deviation of the experimen-toward OMC-1.
tally determined cross-section ratio from the theoretical one,
cf. Sec. IV E as well as the diminishing acetylene yield in
1 tracer experiments with increasing thermalization.

G. Undetected channels

VIl. CONCLUSIONS

The reaction between ground state carbon ator(i %
and ethylene, §H4(X1Ag), was studied at average collision
energies of 17.1 and 38.3 kJmblusing the crossed molecu-
lar beam technique. Our results suggest two microchannels,

The explicit identification of the g4, propargyl isomer  both initiated via an attack of the carbon atom to the
in the crossed beam reactior(3ej) with C,H, portrays a  m-orbital of the GH, molecule via a loose, reactant like
further example of the dominant carbon—hydrogen exchanggansition state located at the centrifugal barrier. One micro-
channel in the reaction of neutral carbon atoms with unsatehannel follows the highest symmetfzatom approach via
urated hydrocarborf§.This pathway was elucidated recently C, symmetry on the ground statd” surface and contributes
based on molecular beams studies of reactkih to an isotropic center-of-mass angular distribution. Initially,

n the cyclopropylidene complex rotates in a plane roughly per-

CCPy)+ CoHo(X 12g) = CgH+H, (20) pend)i/cule?r tcgyaround itscf)axis and undergges ring o?oe}rgiﬁg
and presents an alternative, one-step approach to build up allene prior to decomposition to the propargyl radical in
carbon bearing molecules in interstellar environments anits X?B, state. A second microchannel contribute$0% of
hydrocarbon flames. Competing ion-molecule reacti@is-  the scattering signal. Here, ti#elike rotations of the cyclo-
23), for example, propylidene adduct, ring opening to triplet allene, and a

VI. IMPLICATIONS TO INTERSTELLAR CHEMISTRY
AND COMBUSTION PROCESSES
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strongL-L ' correlation give rise to a forward-peakifig6). Consequently, the remaining kinetic energyRat R, has

Both exit transition states are found to be tight and located atb fulfill the condition for reaction

least 30—40 kJmol above the products. 1 Eb2 C
: o . . . T

This mechanism is consistent withC(*P;)-tracer stud- 2 uR2=|Eq— — 4 —2
ies under bulk conditions. The postulated triplet cyclopropy- R R
lidene complex was trapped as a spirane, and an assumed . . .
Cs;H; intermediate yielded 1-propyneyl-5 and 1,2- ylelding the maximum impact parametiay,a
pentadienyl-5 products. The acetylene production can be ex- L2 Y2
plained by assuming a second, but in our experiments unde- Bmax= Z,u_E
tected channel of the allene complex decomposing to ] ] o
vinylidene and triplet carbene. This treatment assumes the reaction proceeds with unit effi-

The explicit identification of GH, under single collision ciency after barrier-crossing and .u.nder.absence.of sterical
represents a second example of a carbon—hydrogen exchar%féec'fs-_ The Lgnnard-Jones coefficieDf is approximated
in reactions of ground-state carbon with unsaturated hydroaccording to Hirschfeldeet al.™* to
carbons. This versatile concept represents an alternative 3
pathway to build up unsaturated hydrocarbons chains in C5=§
combustion processes and in the interstellar medium.

Note added in proofThe assignment of the symmetry of with the ionization potentialsE; for i=C(*P;), and
the electronic wave function fo€,, molecules follows the CpHq(X *Ag), and the polarizabilities «;. Using
convention that the molecular plane is defined as the mirrorc(zp)=1.76x10"°  m®  acyy,=4.25<107%°  m’,
plane, e.g., GHy(X?B,) instead of GHy(X?B,). Ecspj=11.76,Ec44=10.5 eV, the maximum impact pa-

rameterb,,,, calculates tdo,, (17.1 kJmol)=3.7 A and
Bmax (38.3 kdmol)=3.2 A (Table 1l).

=0, (A7)

max

R=R

(A8)

EcEcana
Ec+Econa

) AcAcoH4, (A9)

ACKNOWLEDGMENTS

o : 1E. Herbst, H. H. Lee, D. A. Howe, and T. J. Millar, Mon. Not. Royal
R.I.K. is indebted the Deutsche ForschungsgemelnschaftAstronomic‘,j1| Society268 335 (1994,

for a _post-docto_ral fellowship. This work was support_ed BY 2Symposium on TitafESA-SP 338, ESTEC, Noordwijk, 1992
the Director, Office of Energy Research, Office of Basic En- *R. D. Kern, K. Xie, and H. Chen, Combust. Sci. and Te&%$.77 (1992.
ergy Sciences, Chemical Sciences Division of the U.S. De-'G. J. Collin, H. Deslauriers, G. R. De Mare, and R. A. Poirier, J. Phys.

Chem.94, 134(1990.
partment of Energy under Contract No. DE-ACO3- 5P. R. Westmoreland, A. M. Dean, J. B. Howard, and J. P. Longwell, J.

76SF00098. Phys. Chem93, 8171(1989, and references therein.
6G. Rotzell, Int. J. Chem. Kinetic$7, 637 (1985.
’R. D. Smith, Combust. Flam@5, 179 (1979.

APPENDIX 8]. R. Slagle and D. Gutman, Proc. 23rd Symp. Int. Combust. Chemistry,
875(1988.

L . 103, D. Adamson, C. L. Morter, J. D. DeSain, G. P. Glass, and R. F. Curl, J.
of the kinetic energy of the reactan(s2) with the reduced Phys. Chem100, 2125(199.

massu at distanceR and the effective potentife«(R) as a 11| R. Thorne, M. C. Branch, D. W. Chandler, R. J. Kee, and J. Miller,
sum of a repulsive centrifugal potenthd).{R) Eq. (A3) and ,Proc. 21st Symp. Int. Combust. Chemistry, 98986 .
an attractive intermolecular dispersion te‘VfJISp(R) with the D. Toublanc, J. P. Parisot, J. Brillet, D. Gautier, F. Raulin, and C. P.

. McKay, Icarus113 2 (1995.
Lennard-Jones-coefficie@g [Eq. (A4)] 13y H. Kim and J. L. Fox, lcarud 12, 310(1994).

_E _E _ 1E. Herbst, Angew. Chemi&02, 627 (1990.
Er=Eiin(R) +Vei( R) = Biin(R) +Veer R) + Vaisd R)Al 15E. Herbst and C. M. Leung, Ap. J. Supl. S&8, 271(1989.
(A1) 18M. Marshall, C. MacKay, and R. Wolfgang, J. Am. Chem. S86, 4741
(1964.

_1 . P2
Ewin=32 uR%, (A2) 17G. Stoecklin,Chemie heisser Aton&Veinheim, VCH, 1968
E-b? 18A. P. Wolf, in Hot Atom Chemistry Status Rep@EA, Vienna, 1975,
Voo R)= — (A3) pp. 203-209.
ce R2 19C. MacKay, J. Am. Chem. So8&3, 2399(1961).
20p_ Gaspar, irHandbook of Hot Atom Chemistrgdited by J.-P. Adloff, P.
Cs P. Gaspar, M. Imamura, A. G. Maddock, T. Matsuura, H. Sano, K. Yoshi-
Vdisp( R)=——5. (A4) hara(VCH, Weinheim, 1992
R 213. Dubrin, C. MacKay, and R. Wolfgang, J. Am. Chem. S86, 959
. . . (1964.
The effeptlvg potential hol_ds a qumum B Rimax [Eq 223, Dubrin, H. Rosenberg, R. Wolfgang, and C. MacKay,Ghemical
(A5)] giving rise to the barrier location &, [Eq. (A6)]; if Effects of Nuclear Transformatior{&lsevier, New York, 1979 p. 238.
the reactant approaches withRy,,,, chemical forces take 23J. Nicholas, C. MacKay, and R. Wolfgang, Tetrahed2@n2967(1966.
over. 24M. Marshall, Ph.D. thesis, Yale University, 1969.
F. F. Martinotti, M. J. Welch, and A. P. Wolf, J. Chem. Soc. D, 115
dVer(R) (1968.
[L =0, (A5) 26Handbook of Chemistry and Physi@SRC Press, Boca Raton, 1995
dR R=R max 27Y. T. Lee, Science36, 793 (1987).
28A. M. Schmoltner, P. M. Chu, R. J. Brudzynski, and Y. T. Lee, J. Chem.
Rimax= (6uCg/L%) Y4, (A6) Phys.91, 6926(1989.

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

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



8720

Kaiser, Lee, and Suits: Reaction of carbon atoms with hydrocarbons. I.

29Y. T. Lee, J. D. McDonald, P. R. LeBreton, and D. R. Herschbach, Rev.52N. Honjou, J. Pacansky, and M. Yoshimine, J. Am. Chem. $6@. 5332

Sci. Instr40, 1402(1969.

30R. I. Kaiser and A. G. Suits, Rev. Sci. Ins@6, 5405(1995.

31G. O. Brink, Rev. Sci. Instr37, 857 (1966.

$2N. R. Daly, Rev. Sci. Instr31, 264 (1960.

33J. M. Parson, K. Shobatake, Y. T. Lee, and S. A. Rice, J. Chem. BBys.
1402(1973.

34M. S. Weis, Ph.D. thesis, University of California, Berkeley, 1986.

35M. Vernon, Thesis, University of California, Berkeley, 1981.

%R. Herges and A. Mebel, J. Am. Chem. Sad6, 8229(1994.

%7s. Walsh, NASA Ames Research Center, Moffet Figldvate communi-
cation.

%8R. I. Kaiser, Y. T. Lee, and A. G. Suits, J. Chem. Phigsibmitted.

39A deviation of this long-lived complex outcome occurs, if a long-lived
complex decomposes with oblate symmetry and energy conservation ex?Care has to be taken to classify symmetry allowed and forbidden reactions

cludes states with highi’ values(M': Projection of the total angular

momentum vectod on the relative velocity vector of the departing frag- ®°See Ref. 59. In closed shell molecules, 1-3-H-migrations are symmetry

ments,V’). In this scenario, thel'(§) maximum shifts from 90° to an
intermediate position.

(1985.

53M. Yoshimine, J. Pacansky, and N. Honjpu, J. Am. Chem. $t&, 2785
(1989.

%R. 0. Angus, M. W. Schmidt, and R. P. Johnson, J. Am. Chem. Bi¢.
532(1989.

55, Xantheas, S. T. Elbert, and K. Ruedenberg, Theor. Chim. 78;ta65
(1991

56N. Honjou, J. Pacansky, and M. Yoshimine, J. Am. Chem. $66, 5361
(1984.

57p. valtazanos, S. T. Elbert, S. Xantheas, and K. Ruedenberg, Theor.

Chim. Acta78, 287 (199).
58M. Yoshimine, J. Pacansky, and N. Honjou, J. Am. Chem. S, 4198
(1989.

in open shell triplet biradicals.

forbidden.
61R. D. Levine and R. B. Bernsteirolecular Reaction Dynamics and

“Ow. B. Miller, S. A. Safron, and D. R. Herschbach, Discuss. Faraday. Chemical ReactivityOxford University Press, Oxford, 1987

Society44, 108, 291(1967.
41w, B. Miller, Ph.D. thesis, Harvard University, Cambridge, 1969.
42D, C. Clary, N. Haider, D. Husain, and M. Kabir, Ap.4R2, 416 (1994.
43p, Botschwina, R. Oswald, and J.'Be, Z. Phys. Chemi#88, 29 (1995.
44C. J. Cramer and S. E. Worthington, J. Phys. Ch@én.1462(1995.

2T Carrington, L. M. Hubbard, H. F. Schaefer, and W. H. Miller, J. Chem.
Phys.80, 4347 (1981).

8R. I. Kaiser, Y. T. Lee, and A. G. Suits, J. Chem. Phg83 10395
(1995.

84R. A. Marcus, J. Chem. Phy§2, 1372(1975.

45M. Monnier, A. Allouche, P. Verlaque, and J.-P. Aycard, J. Phys. Chem.®*N. J. Turro, Modern Molecular PhotochemistryUniversity Science

99, 5977(1995.

40. A. Mosher, W. M. Flicker, and A. Kuppermann, J. Chem. PI§%.
2600(1975.

4TW. C. Shakespeare and R. P. Johnson, J. Org. CB&n&377(1997).

48p_Warner and R. Sutherland, J. Org. Ch&M.6294(1992.

49C. W. Bauschlicher and S. R. Langhoff, Chem. Phys. 113 380
(1992.

S0A. Rauk, W. J. Bouma, and L. Radom, J. Am. Chem. St@7, 3780
(1985.

51D, W. Ball, R. G. S. Pong, and Z. H. Kafafi, J. Am. Chem. Sht5, 2864
(1993.

Books, Milla Valley, 199].
66K, Tanaka and M. Yoshimine, J. Am. Chem. S&62, 7566(1980.

57A. P. Scott, R. H. Nobes, H. F. Schaefer, and L. Radom, J. Am. Chem.

Soc.116, 10159(1994).
8T, A. Albright, J. K. Burdett, and M. H. Whangb@rbital Interactions in
Chemistry(New York, Wiley, 1983.

59p. Schilke, J. Keene, J. le Bourlot, J. P. Des Forets, and E. Roueff, As-

tronomy and Astrophysic294, L17 (1995.
°G. J. White and G. Sandell, Astronomy and Astrophygieg 179(1995.
1J. O. Hirschfelder, C. F. Curtiss, R. B. BirMolecular Theory of Gases
and Liquids(Wiley, New York, 1954.

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

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



