JOURNAL OF CHEMICAL PHYSICS VOLUME 116, NUMBER 4 22 JANUARY 2002

Stripping dynamics in the reactions of electronically excited carbon
atoms, C (1D), with ethylene and propylene—production of propargyl
and methylpropargyl radicals
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The reactions of electronically excited carbon atoms:DJ( with ethylene and propylene were
studied at three collision energies between 48 and 104 kinehploying the crossed molecular
beam technique. Forward-convolution fitting of our data combined with electronic structure
calculations suggests that the reactions proceed via stripping dynamics. Extremely short-lived allene
and 1,2-butadiene intermediates decompose via atomic hydrogen emission to yield propargyl and
methylpropargyl radicals, respectively. These production routes are of potential importance to form
benzene, toluene, ano-/p-xylenes in circumstellar envelopes of carbon stars and combustion
flames. ©2002 American Institute of Physic§DOI: 10.1063/1.1428754

I. INTRODUCTION radicals were assumed to proceed via reaction of the vinyl
radical, GHy(X 2A’), with acetylene[ C;Hy(X *2)]."° A

The propargyl radical, §5(X 2B;), received consider- recent crossed beam study of carbon atoms with propylene,
able attention due to its importance in combustion flafias, C,Hg(X *A’), opened a second pathway as twgHE iso-
the interstellar medium (ISM),> and in planetary mers, namely the 1-, and 3-methylpropargyl radicals, were
atmosphere3.Current models of the chemistry in circums- identified*
tellar envelopes and oxygen-poor combustion scenarios pos-
tulate that soot formation and the synthesis of polycyclic ~ CHy(a 'A;)+CHy(X =) — CaHa(X ?By) +H(?Sy),

aromatic hydrocarbond®AHs) are connectedi This chemis- (1)
try is thought to be initiated by recombination of two prop-
argyl radicals to form linear g isomers and after isomer- H,CCCHy(X 1A;)— C3Hg(X ?B;) +H(%Sy), 2
ization(s) the first aromatic ring structure, benzene
[ CeHg(X 1Alg)].SAn alternative route to form benzene was CHZCCH(X 1A;)— C3H4(X 2B;) +H(%Sy), (3)

suggested to involve s radicals reacting with acetylene,

CoH,(X 12;’), via various GH- isomers through an atomic C(3Pj)+C2H4(X 1Ag)—>C3H3(X 2B))+H(?Syp). (4
H(?S,,,) atom elimination pathwayBut despite the impor-

tance of GH3 and GHs radicals, little is known on their In this paper, we investigate alternative routes to form
formation routes. The reaction of singlet carbene,C;H; and GHs isomers via reactions of electronically ex-
CHy(a 'A;), with acetylene to produce propargyl cited carbon atoms éD) with ethyleng] C,H (X 1Ag)] and
[reaction (1)] was proposed recently.Alternatively, a propylene[ CsHg(X A’)] under single collision conditions
unimolecular decomposition of vibrationally excited as provided in crossed molecular beam experiments. Com-
allene  [H,CCCHy(X *A))] and methylacetylene bined with electronic structure calculations on the singlet
[CH,CCH(X *A,)], reactiong2) and(3),% or photodissocia- C,H, and GHg potential energy surfaced®ES3, detailed
tion of C3H, isomers revealed that the propargyl radical isinformation on the reaction dynamics is disclosed and
the primary producl. The very first identification of applications to combustion and interstellar chemistry are
C3H4(X 2B;) under single collision conditions in the crossed presented.

beam reaction of ground-state carbon atom§,P(9(, with
ethylend CoH,(X *A,)]'° together with high level electronic
structure calculatio demonstrated doubtlessly that
C3H3(X 2B;) can indeed be formed in combustion flames
and around circumstellar envelopes of carbon stars such as of Reactive scattering experiments are performed with the
IRC+10216%"On the other hand, formation routes tgHs 35" crossed molecular beam mach#feBriefly, the 30 Hz,

40 mJ output of a Nd:YAG laser is focused onto a rotating
dpresent address: University of York. Electronic mail: rikl@york.ac.uk carbon rod, and ablated carbon atoms are seeded into helium
YElectronic mail: mebel@po.iams.sinica.edu.tw released by a pulsed valve. A four slot chopper wheel selects

II. EXPERIMENT
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a 9.0 us segment of the fast part of the carbon beam with — — — —

velocities of 490150 ms?! (ethylene experimeht 1.2x10° ]
3100+95 ms!, and 358@-100 ms?! (propylene experi-
mentg with speed ratios between 2.2 and 2.6. The carbon , 1.0

source was characterized previou¥iyt velocities less than
about 3000 ms!, the beam contains only the ground-state
carbon Cij)16 and at higher velocities both ground state
and the first electronically excited-state:'gd%/1D);14 even
faster segments yielded exclusively'0(.!” These pulsed
carbon beams cross a second continuous ethylene or prop
lene beam of velocities of 84410 ms * and 77510 ms !
at 90° in the interaction region of the scattering chamber at
relative collision energieE of 104+6 kJmol ! (C,H,~C),
48+3 kJmol ! (C3Hs—C), and 633 kdmol . ool 1 v v gy
Reactively scattered products are detected in the plane -100 10 20 30 40 50 60
defined by both beams employing a rotatable detector with & Lab Angle (deg)
Brink-type _electron-impact _ionizer, quadrupole mass ﬁlte.r'FIG. 1. Laboratory angular distribution of the;i; product atm/e=39.
a_nd a D?Iy ion detector at distinct laboratory ang_les. \_/eIOCItyCircIes and r error bars indicate experimental data, the solid line the cal-
distributions of the products are taken recording time-of-cyjated distribution.
flight (TOF) spectra at each angle. Information on the chemi-
cal dynamics of the reactions were gained by fitting the TOF
spectra and the product angular distribution in the laboratoryarr?® and the 6-311Q1,p) basis set! Vibrational frequen-
frame (LAB) using a forward-convolution routin€. This  cies, calculated at the B3LYP/6-3116() level, were used
procedure initially assumes an angular distribufid®) and  for characterization of stationary points and zero-point en-
a translational energy distributioR(Ey) in the center-of- ergy (ZPE) corrections. All the stationary points were posi-
mass reference fram@&M). The P(E;) is chosen as a pa- tively identified for minimum or transition state. The relative
rameterized function energies were refined using the G@CC,MP2
P(Ey)= (Eq— B)P* (Ey—Eq)C. 1) method:,2 which ~ approximates  the  coupled
clustef®* CCSOT)/6-311+G(3df,2p) energies  with
The B-parameter is related to the exit barrier wk= 0 for a B3LYP/6-311G(l,p) ZPE corrections. ThesAUSSIAN 984
simple bond rupture without an exit-barrier. Peaking at aandmoLpRro 2006° programs were employed for the potential
finite valueE, and forB#0, the first argument itl) gov-  energy surface computations. The accuracy of our calcula-
erns the energy difference &, and the low energy tail tjons is expected to be abouts kmol .
whereE+— 0, whereas the second argument describes a de-
caying function fromE, to the high energy tailT(0) is
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defined as a sum of three Legendre-polynomij§cos 6) IV. RESULTS
with coefficientsa, A. Laboratory data
2 Reactive scattering signal was detected at mass to
T(0)=|=20 a;* Pi(cos6). (2)  chargesm/e=39 (CHJ), 38 (GH;), 37 (GH"), and 36

(C3) in the C-GH, system and atm/e=53-48

Laboratory TOF spectra and the laboratory angular distribu¢C,Hs —C;) (C—C;Hg experiments cf. Figs. 1 and 2 for
tions were then calculated frofi(§) andP(E+) accounting  selected data sets. TOF spectra at the fragment mass to
for the transformation Jacobian and averaging over the appaharge regions 38—36 and 52-48 show identical patterns
ratus and beam functions. Best fits of the TOF and laboratorgompared tom/e=39 and 53, respectively. This suggests
angular distributions were achieved by refining adjustablaehat these signals originate in cracking of the parent in the
T(6) and P(Et) parameters of Eqg1) and(2). To account ionizer. Therefore, only an atomic hydrogen elimination
for the experimental uncertainties in the velocities of thepathway is observable in both reactions. The molecular hy-
beams, speed ratios, and the laboratory angular distributiondrogen ejection is absent within our detection linfits1%).
the parameters of the bestTi{#) andP(E+) functions were  \We would like to stress that a possible methyl group elimi-
varied systematically to gain upper and lower limits of thenation could not be investigated; the detection of thelC
center-of-mass functions within the error limits. counter fragment in the C—Hg system failed due to the
inherent high background amn/e=39 from electron impact
dissociation of the propylene reactant in the ionizer.

TOF spectra at distinct angles can be integrated to yield

The geometries of the reactants, products, various intetthe laboratory angular distributiofLAB). A typical set of
mediates, and transition states for the title reaction were opdata is shown in Fig. 1 for the C-B, reaction atm/e
timized using the hybrid density functional B3LYP method, =39 (C;H3). All LAB distributions are very broad and ex-
i.e., Becke’s three-parameter nonlocal exchange funcfibnaltend 65°-55° in the scattering plane as defined by both
with the nonlocal correlation functional of Lee, Yang, and beams. This result suggests that the energy release into the

IIl. ELECTRONIC STRUCTURE CALCULATIONS
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FIG. 3. Best fit center-of-mass angular flux distributidtep) and transla-
tional energy distributions (bottom) for the reactions Cp)

T St R +CHy(X 1Ay) at m/ie=39 recorded at a collision energy of 104 kJiol

r ] (solid lineg, C(*D)+ C3Hg(X *A’) at m/e=53 recorded at a collision en-
j@\ 5000 |- 7 ergy of 48 kdmol* (dashed lings and C{D)+ C3Hg(X A’) at m/e=53
c N recorded at a collision energy of 63 kJmbldashed—dotted lings
” 4000 [- .
o i ]
Ezooo; R translational degrees of the products is large. Finally, the
> i 1 LAB distributions depict distribution maxima in the “for-
2 000k E ward” directions with respect to the carbon beam at 15.0°,
L r ] 35.0°, and 27.5° compared to the center-of-mass angles of
5 1000 : E 21.9°+0.8° (C-GH,), 41.2°+0.5° (C—gHG) . and 37.3°
z 1 +0.9° (C—GHg). These data suggest either indirect scatter-

o g ing dynamics through osculating complexes or direct reac-
s tion mechanisms.

L I )
0 200 400 600 800
Time of flight (microseconds)
B. Center-of-mass functions

The center-of-mass translational energy and angular dis-
_ ' _ tributions are presented in Fig. 3. In case of the GHLC
FIG. 2. Top: Time-of-flight spectra for the reaction’() + C,H,(X 1Ag) at system, fits of the TOF spectra and LAB distribution could

m/e= 239 recorded at a collision energy of 104 kJiicht a laboratory angle hi d with h | that th tt
of 20.0°. The thin solid line represents the experimental data, thick solid Ilné)e achieved with one channel assuming tha e scattering

the fit. Middle: Time-of-flight spectra for the reaction ®;)-C(‘D) signal ofm/e=39 emerges from the reaction ijﬂ:() only.
+C3Hg(X 'A") atm/e=53 recorded at a collision energy of 48 kJmbat ~ The reaction with GHg is more complex: At lower collision
Z':‘b‘ga‘%rydangéedm 276508T:edt?m S‘i'k"d “”? “I*pt“zsz_mts_éh‘i_ exg;;'p”(‘:e(”taénergy, the experimental data must be fit with two channels
ata, dashedad an ashed—dotted lines the calculate Istripution ) . .
and C{D), and the solid line the sum of the fit. Bottom: Time-of-flight arising frpm reactions of ground_-state carbon_ and electroni-
spectra for the reaction &D)+CyHg(X *A’) at m/e=53 recorded at a cally excited carbon. As the collision energy rises, a reason-

collision energy of 63 kdmof at a laboratory angle of 37.5°. able fit could be achieved with a primary beam consisting
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FIG. 4. Schematic representation of the singlgHg{ potential energy surface and structures of reactants, potentially involved singdetcGllision
complexes, and products. Bond lengths are given in Angstrom, bond angles in degrees.

solely of CED). The reaction dynamics of ground-state car-317, and 320 kJmaf* (Fig. 5). Since all three energies are
bon atoms with propylene were discussed extensively in Ref/ery close to our experimental data of 332—337 kJholve
14, and we limit the discussion to those pathways arisingannot assign the s isome(s) formed in the crossed beam
from electronically excited carbon atoms. experiment now, but the chemical reaction dynamics remain
Best fits of TOF spectra and LAB distributions of the to be ascertained. Nevertheless, these energetics present solid
C(*D)+ C,H, and C{D)+ C;Hg reactions were achieved evidence that our primary beam contains carbon in its first
with P(E+)s extending to the maximum translational energyelectronically excited CQ) state; the reactions with
E max= 500 kdmol ! (C,H,), 380 kdmol?! (CsHg), and 400  ground-state carbon, @}?j) are 122 kJmol® less exother-
kdmol! (CsHg). Extending or cutting the fits by up to 50 mic. Finally, it is worth to mention that all threB(Et)s
kJmol ! does not change the fit. These limits can be invespeak far away from zero translational energy at about 240—
tigated to calculate the reaction energies. Here, the maximur@80 kJmol* (C,H,) and 180-200 kJmot (C;Hg). The av-
available energy is simply the sum of the reaction exothereraged fraction of energy released into translational motion
micity plus the collision energy; if we subtract the latter from of the products is about 55%—65%.
Emax, €Xperimental exothermicities of 396 kJmbl(C,H,) The shape of th&(#)s correlate nicely with the forward
and 332-337 kJmol (C;He) are obtained. peaking of the LAB distribution. All center-of-mass angular
We compare now our experimental data with the theo<distributions show primarily flux in the forward hemisphere
retically predicted reaction energies to form the propargylwith respect to the primary beam. These distributions peak at
(—317 kdmol'Y) and the less stable cyclopropen-1-yl radical 0° and depict no intensity at angles larger than 705Hg
(—148 kdmor'Y) (Fig. 4). This suggests that at least the ther-and 85°~100° (gHg). The latter system deserves particular
modynamically most stable propargyl isomer is formed inattention. With rising collision energy, the forward scattering
our experiment® The computations on the,8¢ PES indi- increases slightly from 100° to 85°. These data strongly sug-
cate that the formation of the 1-methylpropargyl gest that the reaction proceeds via direct reaction dynamics
(CH3CCCH,), 3-methylpropargylHCCCHCHjz)], and 1,3-  (stripping mechanisimwithin a time scale of less than 0.1 ps.
butadienyl-2 radicals (\CCHCH,) are exothermic by 328, In the following discussion we will discriminate if the poten-
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FIG. 5. Schematic representation of the singlgtgCpotential-energy surface and structures of reactants, potentially involved singlgtc@lision com-
plexes, and products. Bond lengths are given in Angstrom, bond angles in degrees.

tial energy surfacéPES involves highly rovibrationally ex-  H,CCC(X *A;), p2, via a barrier of 387 kJmol. The tran-
cited collision completes in a very shallow potential en- sition state for the blelimination lies 312 kJmol* below the
ergy well, or only a transition state along the reactionreactants, while the ép) +C,H,;—H,CCCH(X 2B;)+H

coordinate without a bound intermediate. Al(6)s reveal  ang C£D)+ C,H,—H,CCC(X A,)+H, reactions are com-
further that the initial and final angular momentaandL’  hyted to be exothermic by 317 and 351 kJiplrespec-

are strongly correlated. tively.

The reaction of C{D) with propylene(Fig. 5) also starts
C. The singlet C 3H, and C,Hg ab initio potential with the addition of the carbon atom to the double=C
energy surfaces bond with formation of methylcyclopropylidene. The relative

energy of this intermediate with respect to'D{ + CsHg is
+C,H, reaction is illustrated in Fig. 4. The reaction starts*22 !(Jmorl, very similar to the energy of cyclopropylidene
with a barrier-less addition of the attacking carbon atom td€lative to C{D) +CH,. Then, the ring opening takes place
the double E=C bond of ethylene to produce the singlet ylgld|ng the 1,2-butadiene |ntgrmed|ate. Both the bgrrler
cyclopropylidene intermediafe425 kJmol® below the re-  height(27 kmol™) and the relative energy of 1,2-butadiene
action. Cyclopropylidene undergoes a ring opening leading®95 kJmol %) are close to the barrier for the ring opening in
to allené via a barrier of 26 kJmai'. The barrier height Cyclopropylidene and the energy of allene, respectively. Four
obtained by the present GZRCC,MP2 calculations is decomposition channels of 1,2-butadiene have been consid-
slightly higher than the CCSD)/TZ2P//B3LYP/TZP value ered here. A loss of the hydrogen atom from CE+H

of 18.8 kJmol ! value reported by Bettingest al?” Allene  gives the 1-methylpropargyl radicp®, 328 kJmol* below
resides in a deep potential well, 699 kJmolower in energy  the reactants. An H elimination from the methyl group pro-
than C¢D)+C,H,, and can eliminate hydrogen atom to duces the 1,3-butadienyl-2 radiqa8, 320 kJmol?! lower in
yield the propargyl radicapl, H,CCCH(X 'B;), without energy than C{D)+ C;He. A hydrogen splitting from the
exit barrier or molecular hydrogen producing CH, group yields 3-methylpropargy# with overall reaction

The calculated potential energy diagram for the'ZY
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exothermicity of 317 kJmoll. Finally, a cleavage of the mental and theoretical reaction energies as obtained in the
C—CH, bond results in the propargyp() and methyl radi- C(*D)—C,H, system to form GH; isomers plus atomic hy-
cals and the calculated heat of the Dj+C;Hg  drogen strongly suggest that at least the thermodynamically
—H,CCCH(B,) + CHy(A}) reaction is 356 kJmol-. Thus,  most stable propargyl isomergl8;(X 2B,), is formed upon
H,CCCH({B;) + CH(%A%) are the most exothermic reaction C—H bond rupture in the highly rovibrationally excited al-
products. All the four dissociation channels depict no exitlene intermediaté® The time scale of this reaction 0.1
barriers. ps suggests that H atom migrations do not take place. How-
ever, we cannot rule out that the cyclopropen-1-yl isomer
which can be synthesized via H atom loss from a loosely
bound, rotationally and vibrationally excited cyclopropy-
A. The reaction pathway lidene structure, might represent an additional product. This
GaHs isomer is about 168 kJmot less stable than the pro-

Our crossed beam experiments and electronic structur | radical. | £ th i f electronicall
data were combined to unravel the underlying chemicafar9y! radical. In case ot the reaction ot electronically ex-

dynamics on the reaction of €I) with ethylene and propy- cited f:arbon atoms With. propyleng, the situation is more
lene. These considerations strongly suggest thADET(ni- complicated as the reaction energies suggest the formation
tially adds to the olefinic bond of ethylene and propylene toOf 1-methylpropargyl (CHCCCHy), 3-methylpropargyl

. . HCCCH(CHs,)], and/or 1,3-butadienyl-2 radicals
form cyclopropylidene, c-@H,(X A;) (Fig. 4 and methyl- [ 3 X _ _
[ lidene, c-GH.CH, (X 'A) (Fig. 5. N id (H,CCHCH;,). However, the direct reaction dynamics and
cyclopropyldene, &GO | ) (Fig- 5. No evi ence_ short time scale of the reaction makes it unlikely that the

of an insertion of the carbon atom into any C—H or C-C .
was found. This can be likely attributed to the larger conetnergy gets completely randomized and hence can channel

of acceptance of the olefinier-bonds compared to the via three bonds into th? C-H bof‘d of the methyll group.
o-bonds. The three-membered intermediates were foun herefore, the 1,3-butadienyl-2 radicals,(JCHCH;,) might

to ring open in a symmetry-allowed concerted reaction e ruled out, and the l—methylpropargyl (§3CCH) gnd

to form allene, HCCCHy(X 'A,), and 1,2-budadiene, 3—me.thylpropargyl[HCCCH(CHg)]. radicals are the I|kely'
H,CCCH(CH,)(X A", respectively. The electronic struc- reaction products. However, we like to stress that a possible

ture calculations suggest that allene and 1,2-butadiene ar@ethyl group elimination could take place as well. Finally,

strongly bound and reside in potential energy well of 699 andVe like to discuss alternative exit channels. The experiments
695 kJmol! with respect to the reactants. Despite thisdid not detect any bl (CHa—CHg) or CH, (CgHg) loss

strongly bound intermediates which would imply indirect pathways. Although these reactions are strongly exothermic

scattering dynamics with forward—backward symmetric an-_(Cf' Figs. 4 and B the short time scale of the reaction likely

gular distributions, the experimental data demonstrate for'—nh!b'tS a complet_e energy randomlzatlon and hence a chan-
ward scattered products and typical stripping mode behavio eling of energy into the reaction coordinate of thg ahd

in the spectator limit dominated by attractive interaction of H, losses.

both reactants and large impact parameters leading to the

reaction. However, no reaction pathway was found whichB. Comparison with bulk reactions

connects the CP)~-CH, and C(D)—CgH, reactants di- Previous information on the &D)-C,H,-system was
rectly via a single transition state in each reaction to theyerived from radioactive tracer studies e (D,) recoil
H—CsHz and H—GH;s products. Therefore we have to con- giom reactions with ethylene and ethylene—neon mixtures
clude that the allene and 1,2-butadiene complexes are highlynder pulk condition® These bulk studies suggested an ad-
rovibrationally excited, and do not experience the deep pPogition of thermal'’C(*D) atoms to the olefinic double bond
tential energy well. Therefore, the &) simply “picks up” g singlet cyclopropylidene followed by ring opening to form
the hydrocarbon unit and transports it into the “forward” gjene. The vibrationally excited molecule could be stabilized
direction after ring opening; the H atom must recail in they;a a third body collision to allene. The postulation of an

backward direction to account for angular momentum conyjiene intermediate is fully supported by our crossed beam
servation. This is strongly documented in our experimentabyperiments.

data as a significant correlation of the initial and final angular
mom_entum_ ano_IL was found. Based on these findings, the\/l. CONCLUSIONS
reaction occurs in a time scale of less than about 0.1 ps. This
results in an incomplete energy randomization in the decom- The reactions of electronically excited carbon atoms,
posing complexes }CCCH, and HLCCCH(CHy)—as veri-  C(*D), with two olefines, ethylene and propylene, were in-
fied experimentally—in a significant fraction of available en- vestigated employing the crossed molecular beam technique.
ergy channeling into translational energy of the productsBoth reactions proceed via direct stripping dynamics via an
(55%-65%. The direct nature of both reactions is reflectedinitial addition of the carbon atom to the-orbital to form
in the center-of-mass translational energy distributions peakeyclopropenyl and methylcyclopropenyl intermediates which
ing well away from zero. Since the potential energy surfacesing open to highly rovibrationally, short lived allene and
document no exit barrier for the H atom loss pathways, anyl,2-budadiene intermediates, respectively. These structures
indirect dynamics should have resultedH(E+)s peaking at were found to decompose via atomic hydrogen emission to
zero or at least close to zero translational energy. give the propargyl radical £i5(X ?B,) (C,H, reaction and

We try now to identify the reaction products. The experi- 1-methylpropargyl and 3-methylpropargyl isomersfigre-

V. DISCUSSION
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action. The identification of two methylpropargyl isomers °w. M. Jackson, D. S. Anex, R. E. Continetti, B. A. Balko, and Y. T. Lee,
holds far reaching consequences for the formation of the first J. Chem. 'Tjhys%, 7h327(199:]); J. Lr.]Chang, G. C( ngng, C. K. Ni, J. D.

; T Huang, and Y. T. Chen, J. Phys. Cheml@®3 6063(1999; C. K. Ni, J. D.
rr}ethylbsubstltuted a(rjomatmbrlng in ﬁwcumstellar ?nVTlop?}S Huang. Y. T. Chen, A. H. Kung, and W. M. Jackson. J. Chem. PELG.
0. car On stars and com US“Q” ames. Previously, t € 3320(1999; W. Z. Sun, K. Yokoyama, J. C. Robinson, A. G. Suits, and D.
dimerization of two propargyl radical has been postulated as M. Neumark,ibid. 110, 4363(1999; A. M. Mebel, W. M. Jackson, A. H.
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