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A combined crossed beam and ab initio investigation on the reaction
of carbon species with C 4H6 isomers. II. The dimethylacetylene molecule,
H3CCCCH3„X1A 1g…

L. C. L. Huang, H. Y. Lee,a) A. M. Mebel, S. H. Lin,a) Y. T. Lee,a) and R. I. Kaiserb)

Institute of Atomic and Molecular Sciences, 1, Section 4, Roosevelt Road, 107 Taipei, Taiwan,
Republic of China

~Received 29 March 2000; accepted 11 July 2000!

The reaction of ground state carbon atoms, C~3Pj ), with dimethylacetylene, H3CCCCH3, was
studied at three collision energies between 21.2 and 36.9 kJmol21 employing the crossed molecular
beam approach. Our experiments were combined withab initio and RRKM calculations. It is found
that the reaction is barrierless via a loose, early transition state located at the centrifugal barrier
following indirect scattering dynamics through a complex. C~3Pj ) attacks thep system of the
dimethylacetylene molecule to form a dimethylcyclopropenylidene intermediate either in one step
via an addition to C1 and C2 of the acetylenic bond or through an addition to only one carbon atom
to give a short-lived cis/trans dimethylpropenediylidene intermediates followed by ring closure. The
cyclic intermediate ring opens to a linear dimethylpropargylene radical which rotates almost parallel
to the total angular momentum vectorJ. This complex fragments to atomic hydrogen and a linear
1-methylbutatrienyl radical, H2CCCCCH3(X2A9), via a tight exit transition state located about 18
kJmol21 above the separated products. The experimentally determined exothermicity of 190625
kJmol21 is in strong agreement with our calculated data of 180610 kJmol21. The explicit
verification of the carbon versus hydrogen exchange pathway together with the first identification of
the H2CCCCCH3 radical represents a third pathway to form chain C5H5 radicals in the reactions of
C~3Pj ) with C4H6 isomers under single collision conditions. Previous experiments of atomic carbon
with the 1,3-butadiene isomer verified the formation of 1- and 3-vinylpropargyl radicals,
HCCCHC2H3(X2A9), and H2CCCC2H3(X2A9), respectively. In high-density environments such as
combustion flames and circumstellar envelopes of carbon stars, these linear isomers can undergo
collision-induced ring closure~s! and/or H atom migration~s! which can lead to the cyclopentadienyl
radical. The latter is thought to be a crucial reactive intermediate in soot formation and possibly in
the production of polycyclic aromatic hydrocarbon molecules in outflow of carbon stars. Likewise,
a H atom catalyzed isomerization can interconvert the 3-vinylpropargyl and the 1-methylbutatrienyl
radical. © 2000 American Institute of Physics.@S0021-9606~00!00438-4#
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I. INTRODUCTION

Investigating the production routes to distinct C5H5 iso-
mers is an important means to test chemical models on
formation of polycyclic aromatic hydrocarbons~PAHs! in
oxygen-deficient hydrocarbon flames1 and carbon-rich out-
flows of late-type, carbon-rich stars. In these outflows, P
molecules are considered as the condensation nuclei to
larger carbon-rich grain material which itself can be red
tributed in the interstellar medium. A postulated reacti
pathway to the most simplest PAH, naphthalene, is thou
to proceed either via cyclopentadienyl,2 C5H5 , or phenyl
radicals, C6H5 , which react with ~substituted! acetylene
precursors.3 Both models underline the crucial importance
a stepwise ring extension via five- or six-membered cyc
structures.4 However, even though the synthetic route via t
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simple pentacycle C5H5 might resemble the key step to buil
up PAHs, mechanistical studies investigating the format
of cyclopentadienyl radicals are sparse. Therefore, we s
a systematic research program addressing this unsolved
tery. Recent crossed molecular beam experiments of ato
carbon in its3Pj electronic ground state with alkynes an
olefines demonstrated the existence of a C~3Pj ) versus H
exchange channel. Therefore, a formation of C5H5 and
atomic hydrogen might proceed via C5H6 intermediates
which are formed by reaction of C~3Pj ) with C4H6 isomers
1,3-butadiene, dimethylacetylene, 1,2-butadiene,
ethylacetylene.5 In the first article of this series, we unrav
eled the chemical reaction dynamics and triply different
cross sections to form 1- and 3-vinylpropargyl radica
HCCCHC2H3(X2A9), and H2CCCC2H3(X2A9), via the re-
action of carbon atoms with 1,3-butadiene.6 In this article,
we extend this investigation to the dimethylacetylene isom
CH3CCCH3.

II. EXPERIMENTAL SETUP

The experiments were performed employing the 39
crossed molecular beams machine described in Ref. 7 in

rt-
t
.

7 © 2000 American Institute of Physics
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Downloaded 09 Ma
TABLE I. Experimental beam conditions and 1s errors averaged over the experimental time: peak velocityvp ,
speed ratioS ~Ref. 24! peak collision energy,Ecoll , center-of-mass angle,uC.M. , composition of the carbon
beam, and flux factorf v5n(C)* n(H2CCCH2)* v r in relative units, with the number density of theith reactant
ni and the relative velocityv r .

Beam vp (ms21) S Ecoll ~kJmol21) uC.M. C1:C2:C3 f v

C~3Pj ) 1930640 7.160.2 21.260.9 61.060.2 1:0.2:0.6 1.0
C~3Pj ) 2310650 6.660.2 29.161.2 56.560.2 1:0.3:0.7 1.360.2
C~3Pj ) 2630650 4.460.2 36.961.3 53.061.0 1:0.2:0.7 1.660.3
C4H6 775610 9.160.2 ¯ ¯ ¯ ¯
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tail. A pulsed supersonic carbon beam was generated
laser ablation of graphite at 266 nm.8 The 30 Hz, 35–40 mJ
output of a Spectra Physics GCR-270-30 Nd:YAG laser w
focused onto a rotating carbon rod, and the ablated spe
were seeded into a pulse of neat helium gas at 4 atm bac
pressure. A four-slot chopper wheel mounted after the a
tion zone selected a 9.0ms segment of the seeded carb
beam. Table I compiles the experimental beam conditio
The carbon beam and a pulsed dimethylacetylene bea
450610 torr backing pressure passed through skimmers
crossed at 90° in the interaction region of the scatter
chamber. Reactively scattered products were detected in
plane defined by two beams using a rotable detector con
ing of a Brink-type electron-impact ionizer,9 quadrupole
mass filter, and a Daly ion detector at laboratory angles
tween 3.0° and 72.0° with respect to the primary beam. T
velocity distribution of the products was recorded using
time-of-flight ~TOF! technique accumulating between 30 a
120 min at each angle. Information on the chemical reac
dynamics was gained by fitting the TOF spectra and
product angular distribution in the laboratory frame~LAB !
using a forward-convolution routine.10 This procedure as
sumes an angular flux distributionT(u) and the translationa
energy flux distributionP(ET) in the center-of-mass system
~C.M.!. Laboratory TOF spectra and the laboratory angu
distributions were then calculated from theseT(u) and
P(ET) averaged over the apparatus and beam functions.
TOF and laboratory angular distributions were archived
refining adjustableT(u) and P(ET) parameters. The fina
outcome is the generation of a product flux contour m
which reports the differential cross section,I (u,u)
;P(u)* T(u), as the intensity as a function of angleu and
product center-of-mass velocityu.

III. ELECTRONIC STRUCTURE AND RRKM
CALCULATIONS

The geometries of the reactants, products, intermedia
and transition states for the C~3Pj )1H3CCCC3H reaction
were optimized using the hybrid density functional B3LY
method11 with the 6-311G(d,p) basis set.12 Vibrational fre-
quencies, calculated at the B3LYP/6-311G(d,p) level, were
used for characterization of stationary points as minima~zero
imaginary frequencies! or transition states~one imaginary
frequency!, for zero-point energy~ZPE! corrections and for
Rice–Ramsperger–Kassel–Marcus~RRKM! calculations.
The energies were refined using the G2M~RCC,MP2!
method13 which gives an approximation fo
y 2006 to 128.171.55.146. Redistribution subject to A
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RCCSD~T!/6-3111G(3d f ,2p). This approach was demon
strated to provide chemical accuracy for the energetics
local minima and transition states.13 The GAUSSIAN 9814 and
MOLPRO-9815 programs were employed for the potential e
ergy surface computations. In this article, we present o
those results necessary to understand our experimental
More detailed information concerning the structure of int
mediates and transition states will be given in a forthcom
publication.

We used the RRKM theory16 for computations of rate
constants of individual reaction steps. Rate constantk(E) at
a collision energyE for a unimolecular reactionA* →A#

→P can be expressed as

k~E!5
s

h

W#~E2E#!

r~E!
,

wheres is a symmetry factor,W#(E2E#) denotes the tota
number of states for the transition state~activated complex!
A# with a barrierE#, r(E) represents the density of states
the energized reactant moleculeA* , andP is the product or
products. The saddle point method was applied to evalu
r(E) andW(E).16

IV. RESULTS

A. Reactive scattering signal

Similar to the reaction of C~3Pj ) with 1,3-butadiene re-
active scattering signal was observed at mass to charge r
m/e565 (C5H5

1) to 60 (C5
1), cf. Figs. 1–6. Since all TOF

spectra could be fit with the sameT(u) andP(ET), the sig-
nal at lowerm/e ratios must originate in the cracking of th
C5H5

1 parent ion in the ionizer. Therefore, data were taken
m/e565 because of the highest signal-to-noise ratio at
mass-to-charge ratio. We did not detect any signal atm/e
566 (C5H6); therefore, the radiative association channel
the C5H6 adduct is closed. In addition, we checked the m
thyl loss channel to form C4H3 and CH3. This reaction is
exothermic by 138 kJmol21. However, we could not detec
any reactive scattering signal atm/e551 (C4H3

1) or 50
(C4H2

1).

B. Laboratory angular distributions „LAB … and TOF
spectra

Figures 1–3 display the most probable Newton diagra
of the reaction of atomic carbon with dimethylacetylene a
the laboratory angular~LAB ! distributions of the C5H5 prod-
uct at collision energies of 21.2, 29.1, and 36.9 kJmol21. It is
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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evident that at all collision energies, the LAB distributio
peaks close to the CM angles, cf. Table I. This finding u
ravels that the title reaction goes through a complex via
direct reactive scattering dynamics. In addition, all LAB d
tributions are very broad and extend to about 45.0° in
scattering plane defined by the primary and second
beams. Together with the C5H51H product mass ratio of 65
these data suggest that the center-of-mass translationa
ergy distributions peak well away from zero. A comparis
of the scattering range with the limit circle of th
1-methylbutatrienyl radical assuming all energy chann
into the translational degrees of freedom correlates with
signal cut off at 36.5°, 32.5°, and 30.0°. This suggest
significant contribution of this isomer to the reactive scatt
ing signal.

C. Center-of-mass translational energy distributions,
P„ET…s

The translational energy distributionsP(ET)’s are
shown in Figs. 7–9 together with the center-of-mass ang
distributions,T(u). Best fits of the LAB distributions and
TOF data could be achieved with oneP(ET) extending to
maximum translational energy releasesEmax of 190, 210, and
260 kJmol21 from lowest to highest collision energy. Addin
or cutting up to 20 kJmol21 in the long energy tail does no
change the fit. This high energy cutoff can be employed

FIG. 1. Lower: Newton diagram for the reaction C~3Pj )
1CH3CCCH3(X1A1g) at a collision energy of 21.2 kJmol21. The circle
stands for the maximum center-of-mass recoil velocity of
H2CCCCCH3(X2A9) isomer assuming no energy channels into the inter
degrees of freedom. Upper: Laboratory angular distribution of product ch
nel at m/e565. Circles and 1s error bars indicate experimental data, th
solid lines indicate the calculated distribution. C.M. designates the cen
of-mass angle. The solid lines originating in the Newton diagram poin
distinct laboratory angles whose TOFs are shown in Fig. 4.
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identify the product isomer if their energetics are well sep
rated. Here,Emax is the sum of the reaction exothermicit
plus the relative collision energy. If we subtract the collisi
energy from the high energy cutoff, we get an experimen
exothermicity of 190625 kJmol21. Further, allP(ET)’s peak
away from zero and have a maxima around 20–30 kJmo21.
This finding suggests that the reaction has a tight exit tr
sition state.

D. Center-of-mass angular distributions, T„u…, and
flux contour maps I„u ,u…

As shown in Figs. 7–9, the shapes of the center-of-m
angular distributions are almost invariant on the collisi
energy. Best fits of allT(u)’s are isotropic and symmetric
aroundp/2. This finding implies that the lifetime of the de
composing C5H6 complex~es! is~are! longer than its rota-
tional periodt r . Alternatively, the decomposing intermed
ate might have a symmetry axis which can interconvert t
H atoms.17 Here, the light hydrogen atom could be emitte
then inu andu-p to account for the forward–backward sym
metry of T(u). Due to the light H atom emission, all ou
angular distributions are the result of a poor coupling b
tween the initial and final angular momentum vectors,L and
L 8, respectively. Due to angular momentum conservati
most of the initial angular momentum channels into ro
tional excitation of the C5H5 product~s!.

l
n-

r-
o

FIG. 2. Lower: Newton diagram for the reaction C~3Pj )
1CH3CCCH3(X1A1g) at a collision energy of 29.1 kJmol21. The circle
stands for the maximum center-of-mass recoil velocity of t
H2CCCCCH3(X2A9) isomer assuming no energy channels into the inter
degrees of freedom. Upper: Laboratory angular distribution of product ch
nel at m/e565. Circles and 1s error bars indicate experimental data, th
solid lines indicate the calculated distribution. C.M. designates the cen
of-mass angle. The solid lines originating in the Newton diagram poin
distinct laboratory angles whose TOFs are shown in Fig. 5.
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



na

le
r-
ve
in

th
ni
es

o
o-
g
at
ew
ar
ea
-

n-
is

a
ent

y-

rier
nd

-

the

ted

the
na
a
e
te

t t

a
ta,

the

9640 J. Chem. Phys., Vol. 113, No. 21, 1 December 2000 Huang et al.
Figure 10 shows both two- and three-dimensio
center-of-mass flux contour plotsI (u,ET) at a selected col-
lision energy of 29.1 kJmol21. Based on theT(u), the best-
fit data show a forward–backward symmetric flux profi
Integrating theI (u,ET)’s at each collision energy and co
recting for the reactant flux as well as relative reactant
locity, we calculate an integrated relative reactive scatter
cross section ratio of s~21.2 kJmol21!/s~29.1
kJmol21!/s~36.9 kJmol21!51.0:0.760.1:0.660.2 within our
error limits. Therefore, the cross section slightly rises as
collision energy decreases. As verified in our electro
structure calculations, cf. Sec. V, this result strongly sugg
the reaction proceeds without entrance barrier.

V. DISCUSSION

A. The C5H6 potential energy surface

1. Insertion pathway

Despite an extensive investigation, no transition state
a C~3Pj ) insertion into C–H and C–C bonds could be l
cated. We started the saddle point optimization from the
ometries with a CCH three-membered ring, suggesting th
C–H bond in dimethylacetylene is broken and two n
bonds, C–C and C–H with the attacking carbon atom
formed during the insertion process. This process would l
directly to a HCCH2CCCH3 intermediate. However, the en

FIG. 3. Lower: Newton diagram for the reaction C~3Pj )
1CH3CCCH3(X1A1g) at a collision energy of 36.9 kJmol21. The circle
stands for the maximum center-of-mass recoil velocity of
H2CCCCCH3(X2A9) isomer assuming no energy channels into the inter
degrees of freedom. Upper: Laboratory angular distribution of product ch
nel at m/e565. Circles and 1s error bars indicate experimental data, th
solid lines indicate the calculated distribution. C.M. designates the cen
of-mass angle. The solid lines originating in the Newton diagram poin
distinct laboratory angles whose TOFs are shown in Fig. 6.
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ergies of the initial structures are very high. Upon the tra
sition state search, the C–H bond in dimethylacetylene
restored, and the system descends to the vicinity ofi1, i2, or
i3, indicating that the insertion pathway does not contain
first-order saddle point. This finding is in strong agreem
with previous crossed beam experiments of C~3Pj ) with
alkynes, acetylene,18 and methylacetylene.19 Therefore, the
remaining discussion focuses on the addition of C~3Pj ) to the
carbon–carbon triple bond.

2. Addition pathway

The ab initio calculations reveal that the dimethylacet
lene molecule exists in two conformers~Figs. 11–13!. Com-
pared to the eclipsed form, staggered C4H6 is more stable by
about 0.5 kJmol21. With the unpaired electrons in thepx and
py orbitals, the carbon atom can add without entrance bar
to the p electron density of the carbon–carbon triple bo
either to one carbon atom~pathway 1! or two carbon atoms
~pathway 2!. Pathway 1 can yield triplet trans and cis dim
ethylpropenediylidene,i1 and i2, respectively. Both isomers
have a3A9 electronic wave function and belong to the Cs

point group. Here, the trans isomeri1 is bound by only 132
kJmol21 with respect to the separated reactants; due to
repulsive interaction of both methyl groups, the cis isomeri2
is 8.0 kJmol21 less stable than the trans form.i1 and i2,
however, can isomerize through a transition state loca
only 10.5 kJmol21 abovei1. Likewise, i1 and i2 can frag-
ment via methyl group loss without exit barrier top6. It is

l
n-

r-
o

FIG. 4. Time-of-flight data atm/e565 for indicated laboratory angles at
collision energy of 21.2 kJmol21. Open circles represent experimental da
the solid line represents the fit. TOF spectra have been normalized to
relative intensity at each angle.
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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worth noting that the newly formed carbon–carbon bon
are 136 pm~i1! and 134 pm~i2! long; these data lie very
close to the carbon–carbon bond in ethylene. Therefore,
new bond can be described as a CvC bond formed by an
overlap of thepxC~3Pj ) orbital with the in-planep orbital of
the C4H6 molecule~formation of a C–Cs bond! and of the
pyC~3Pj ) atomic orbital with the out-of-planep orbital of the
dimethylacetylene molecule~formation of ap bond!. Fur-
ther, this process elongates the triple bond in the C4H6 mol-
ecule from 120 to 140 pm~i1! and 137 pm~i2!; this distance
is slightly larger than the double bond in ethylene. Pathwa
forms the triplet 1,2-dimethylcyclopropenylidene isomeri3.
The latter has a3A electronic wave function, belongs to th
C1 point group, and is energetically favored by 226
kJmol21 compared to atomic carbon and dimethylacetyle
If we compare the bond distances ini3 with those in the
reactants, it is evident that the former carbon–carbon tr
bond is elongated from 120 to 158 pm; this data is v
characteristic of a C–C bond such as in the ethane mole
~154 pm!. In addition, the newly formed bonds are 130 a
143 pm long, close to an olefinic bond of 134 pm as found
ethylene. An alternative route toi3 goes via ring closure o
i2: here, triplet dimethylpropenediylidene is metastable a
only separated by a barrier of 1.5 kJmol21 from i3.

i3 can either isomerize or react to the products. Firs
@1,2#-H shift via a barrier of 210 kJmol21 can form the chain
isomeri5 (3A,C1). The latter can be rationalized as a tripl
methylvinylvinylidene carbene which is 45.0 kJmol21 less

FIG. 5. Time-of-flight data atm/e565 for indicated laboratory angles at
collision energy of 29.1 kJmol21. Open circles represent experimental da
the solid line represents the fit. TOF spectra have been normalized to
relative intensity at each angle.
Downloaded 09 May 2006 to 128.171.55.146. Redistribution subject to A
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stable thani3. A second pathway is the ring opening via
65.0 kJmol21 barrier of i3 to the linear isomer triplet dim-
ethylpropargylenei4. i4 belongs to the D3d point group, has
a 3Eg electronic wave function, and is stabilized by 375
kJmol21 with respect to the reactants. The carbon–carb
distances in the propargylene unit are 127 pm and there
between those of a triple bond~120 pm! and a double bond
~134 pm!. Compared toi4, the unsubstituted triplet propar
gylene, 1-HCCCH, has C2 symmetry. The different point
groups could be rationalized as follows: replacing both h
drogen atoms by a methyl group results in an increased
pulsion of both CH3 units; a change to a linear geomet
maximizes the distance of both methyl groups and he
minimized the energy. A carbon–hydrogen bond rupture
i4 via a tight transition state located 18.0 kJmol21 above the
products leads finally to the 1-methylbutatrienyl isomerp1,
CH3CCCCH in its2A9 electronic ground state. The exothe
micity from the products top11H is calculated to be 180.0
kJmol21. Compared top1, the unsubstituted C4H3 isomer
H2CCCCH is bent; its linear structure is only a transitio
state. In strong analogy to the~dimethyl!propargylene iso-
mers, substituting a H atom by a CH3 in C4H3 favors the
linear geometry as well. In addition, a methyl loss ini4 can
yield the linear CH3CCC isomer~p6! without exit barrier.
Compared to the cyclic isomer, the linear structure is m
stable by 25.0 kJmol21. We like to point out that in strong
contrast to the unsubstituted C3H isomers~the cyclic isomer
is more stable by 7.0 kJmol21!20 the stability of the methyl

he

FIG. 6. Time-of-flight data atm/e565 for indicated laboratory angles at
collision energy of 36.9 kJmol21. Open circles represent experimental da
the solid line represents the fit. TOF spectra have been normalized to
relative intensity at each angle.
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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9642 J. Chem. Phys., Vol. 113, No. 21, 1 December 2000 Huang et al.
substituted formsp6 andp7 are reversed, and the linear for
is more stable than the cyclic isomer. Alternatively,i3 can
decompose via C–H or C–CH3 bond ruptures through tigh
exit transition states located 10.0 and 14.0 kJmol21 above
p41H andp61CH3. The overall reactions from C~3Pj ) and
dimethylacetylene are exothermic by 67.7 and 62.0 kJmo21,
respectively.

The fate of i5 is governed by a H atom shift together
with ring closure via a barrier of 175.0 kJmol21 to i6. The
latter can decompose via three distinct H atom loss chan
to the cyclic C5H5 isomersp2, p4, or p5. All isomers are
energetically less favorable than the most sta
1-methylbutatrienyl radicalp1 by 23.5, 110, and 114
kJmol21. Alternatively, i6 undergoes H atom migration~190
kJmol21 barrier! to i7. The later can be described as an all
substituted vinyl isomer. It resides in a deep potential ene
well of 390 kJmol21 with respect to the reactants and is t
global minimum on this part of the triplet C5H6 potential
energy surface.i7 can undergo another H shift~178 kJmol21

barrier! to form i8 which fragments top2 or p3. We would
like to point out that all barriers for a H atom migration lie
a very narrow range between 170 and 210 kJmol21. The
transition states for these hydrogen splittings have all
character with C–H distances between 190 and 230 pm

Finally, we would like to stress that since barriers of
atom migrations are typically within 170 to 200 kJmol21, a
methyl group migration ini1 andi2 is expected to involve an
even higher barrier. Because this barrier lies well above
collision energy of our experiments, the formation of trip
dimethylvinylidene-carbene, CCC~CH3)2 , or i4 via methyl
group shift can be eliminated from the following discussio

FIG. 7. Lower: Center-of-mass angular flux distributions for the react
C~3Pj )1CH3CCCH3(X1A1g) at a collision energy of 21.2 kJmol21. Upper:
Center-of-mass translational energies flux distribution for the reac
C~3Pj )1CH3CCCH3(X1A1g) at a collision energy of 21.2 kJmol21.
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B. Identification of reaction product „s…

Our translational energy distributions,P(ET)’s, suggest
that the formation of the C5H5 isomer~s! is exothermic by
190625 kJmol21. A comparison of these data with the ca

n

n

FIG. 8. Lower: Center-of-mass angular flux distributions for the react
C~3Pj )1CH3CCCH3(X1A1g) at a collision energy of 29.1 kJmol21. Upper:
Center-of-mass translational energies flux distribution for the reac
C~3Pj )1CH3CCCH3(X1A1g) at a collision energy of 29.1 kJmol21.

FIG. 9. Lower: Center-of-mass angular flux distributions for the react
C~3Pj )1CH3CCCH3(X1A1g) at a collision energy of 36.9 kJmol21. Upper:
Center-of-mass translational energies flux distribution for the reac
C~3Pj )1CH3CCCH3(X1A1g) at a collision energy of 36.9 kJmol21.
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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FIG. 10. Contour flux map for the reaction C~3Pj )1CH3CCCH3(X1A1g) at a collision energy of 29.1 kJmol21. ~a! Three-dimensional map and~b! two-
dimensional projection. Units are given in ms21.
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culated reaction energies reveals that at least the therm
namically most stable C5H5 isomer, 1-methylbutatrieny
~p1!, is formed. The calculated data of 180.0 kJmol21

is in excellent agreement with our experimental valu
This finding is strongly supported by the potent
energy surface and our RRKM calculations. Here,p1
can only be synthesized via the reaction seque
i3→i4→p11H. As discussed in the previous sectio
alternative reaction pathways ofi3 involve significant
Downloaded 09 May 2006 to 128.171.55.146. Redistribution subject to A
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barriers which are energetically less favorable by at le
110 kJmol21 compared to the ring opening ofi3 to i4.
As verified in our RRKM calculations, the rate consta
of the i3→i4 isomerization is found to be about three
four orders of magnitude larger than those
i3→i5, i3→p61CH3, and i3→p41H. Therefore, we
must conclude that the 1-methylbutatrienyl radical is t
sole reaction product, and the contribution ofp2–p8 is
minimal.
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FIG. 11. Schematic representation of the lowest energy pathways on the triplet C5H6 PES. Those structures designated with ‘‘i’’ indicate intermediates, those
with ‘‘ p’’ potential C5H5 isomers. RRKM calculated rate constants for individual reaction steps are also shown.
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C. The actual reaction pathway on the C 5H6 potential
energy surface

The reaction dynamics to form the 1-methylbutatrien
radical, H2CCCCCH3(X2A9), are governed by indirect sca
tering dynamics and proceed via a barrierless addition
C~3Pj ) to the carbon–carbon triple bond of the dimeth
lacetylene molecule. Here, thepx and py orbitals of C~3Pj )
can interact with thep electron density of the triple bond t
form i1/i2 ~sideways attack! or i3 ~almost perpendicular at
tack to the carbon–carbon triple bond!. Since the barrier of
trans-cis isomerization ofi1/i2 lies well below the total avail-
able energy, this process is very rapid; therefore both isom
are expected to exist in equal amounts. Due to the st
effect of the bulky methyl groups, it is very likely that th
approaching carbon atom reacts preferentially on the3A sur-
face toi3. This pathway supports a maximum orbital overl
to form two C–C–s bonds in triplet dimethylcycloprope
nylidene. Although we cannot quantify the formation of t
initial collision complexesi1/i2 versus i3 at the present
stage, the RRKM calculations show that thei2 to i3 conver-
sion is very fast (k573109 s21). Therefore, all initially
formedi1/i2 complexes undergo ring closure toi3. The latter
ring opens to form the triplet dimethylpropargylene isom
i4. Since the dimethylacetylene molecules are prepared
supersonic expansion, their rotational angular momentum
negligible. Hence in a good approximation the total angu
momentumJ is the initial orbital angular momentumL .
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rFIG. 12. Structures of potentially involved triplet C5H6 collision complexes.
Bond lengths are given in Angstrom, bond angles in degrees.
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Since L'J, the highly prolatei4 ~asymmetry paramete
k520.999! rotates around its C2 symmetry axis almost par
allel to the total angular momentum vectorJ. Employing the
symmetric top approximation as outlined in Ref. 21, we fi
that rotations ofi4 around the C3 symmetry axis, i.e., the
internuclear axis on which all carbon atoms are arranged,
energetically not accessible. Finally,i4 decomposes via H
emission through a tight transition state located 18.0 kJmo21

above the products to the experimentally observ
1-methylbutatrienyl radical. The finding of a tight exit tra
sition state are reflected in our electronic structure calc
tions as well showing an imaginary frequency of 692i cm21.
Likewise, this finding correlates with the center-of-ma
translational energy distributions depicting distributi
maxima at 20–30 kJmol21. Further, theab initio exit barrier
of 18.0 kJmol21 corresponds closely to typical barriers of
atom addition to double or triple bonds.

The decomposing triplet dimethylpropargylene comp
i4 is very interesting. First, it resides in a deep poten
energy well of 375.0 kJmol21. This finding could explain the
experimentally observed forward–backward symme
center-of-mass angular distributions, cf. Figs. 7–9, and
fragmenting complex has a lifetime longer than its rotat
period. Second,i4 rotates around its C2 axis, and can there
fore interconvert the leaving hydrogen atom, cf. Sec. IV
Therefore, the isotropicT(u)’s could be the result of the
symmetric reaction intermediate as well, and we cannot g
information on the lifetime ofi4. If we compare our findings
with the reaction of atomic carbon and 1,3-butadiene,
find that the decomposing C5H6 complex resides in a simila
deep potential energy well of 360 kJmol21. Since both reac-
tions have a similar exothermicity and the forward
backward symmetric center-of-mass angular distributi
were found in this reaction as well, we suggest that our t
reaction proceeds through a long-lived complexi4. These
indirect scattering dynamics are supported by the aver
fraction of total available energy of 30% channeling into t
translational degrees of freedom of the 1-methylbutatrie
radical and H atom. This data is similar to a value of 30%
35% as found in the reaction of atomic carbon with 1
butadiene.

D. Comparison with the reaction of C „

3Pj… with 1,3-
butadiene

The reactions of atomic carbon with both C4H6 isomers
dimethylacetylene and 1,3-butadiene have no entrance
rier and depict a similar energy dependence of the integr
relative reactive cross sectionss. Here,s decreases slightly
as the collision energy increases, i.e.,s~21.2
kJmol21!/s~29.1 kJmol21!/s~36.9 kJmol21!51.0:0.7
60.1:0.660.2 ~dimethylacetylene! and s~19.3 kJmol21!/
s~28.0 kJmol21!/s~38.8 kJmol21!51.0:0.760.2:0.560.1
~1,3-butadiene!. These findings together with recent kinet
data22 suggest that both reactions are dominated by attrac
long-range dispersion forces. Further, all reactions proc
via addition of C~3Pj ) to thep electronic system of the un
saturated hydrocarbon; no insertion into C–H or C–C sin
bonds could be observed. In addition, both reactions are g
erned by indirect scattering dynamics and about 25% to 3
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of the total available energy channels into the translatio
degrees of freedom of the products. The decomposing c
plexes reside in deep potential energy wells of 37
kJmol21 ~dimethylacetylene! and 330.0 kJmol21 ~1,3-
butadiene! and fragment via C–H bond rupture through tig
transition states located about 20 kJmol21 above the prod-
ucts. This carbon versus hydrogen exchange is the domi
process. The methyl~dimethylacetylene! loss channel was
not observed. Here, the methyl radical can be formed fromi3
or i4. The CH3 loss in i3 occurs with an exit barrier of 14
kJmol21 and the total exothermicity of the C~3Pj )
1H3CCCCH3→CH31c-CCCCH3 reaction is 62 kJmol21.
However, the calculated rate constant for thei3→i4 isomer-
ization, 7.431011s21, is about 50 000 times higher than th
for the CH3 loss, making this channel very unlikely. A linea
CCCCH3 could be produced by the CH3 lost from i4. In this
case, the reaction does not have an exit barrier but the ov
reaction exothermicity is even lower, 36.7 kJmol21. From
the comparison of the barrier heights for the hydrogen eli
nation ini4, 211 kJmol21, and for CH3 elimination ini4, 337
kJmol21, we can conclude that the latter reaction channe
not expected to compete with the former.

Despite these similarities, both systems show strik
differences. Whereas the reaction of C~3Pj ) with 1,3-
butadiene forms 1- and 3-vinylpropargyl radica
HCCCH–C2H3(X2A9), and H2CCC–C2H3(X2A9), the title
reaction gives the 1-methylbutatrienyl radica
H2CCCCCH3(X2A9). This is a direct consequence of th
involved potential energy surfaces. In strong contrast to
C~3Pj )/CH3CCH ~Ref. 19! and C~3Pj )/H2CCCH2 ~Ref. 23!
systems, which both form the thermodynamically mo
stable n-C4H3 isomer, the PESs of C~3Pj )/C2H3C2H3 and
C~3Pj )/CH3CCCH3 are only coupled viai6, cf. Fig. 14. A
@2,1#-H atom migration in the long-lived triplet vinylallene
complex as formed in the reaction of C~3Pj ) with 1,3-

FIG. 13. Structures of doublet C5H5 isomers. Bond lengths are given i
Angstrom, bond angles in degrees.
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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FIG. 14. Schematic representation of the coupling
the C~3Pj )/CH3CCCH3 and the C~3Pj )/C2H3C2H3 po-
tential energy surfaces.
in
er
r
ig

he
th
, i
o

in

er
ou
e

h
tig

dy-

ne,
in-
–

sla-
n
th

II.
ers

s

388
butadiene results in a triplet diradical which can undergo r
closure toi6. Due to the expected H atom migration barri
of about 200 kJmol21, this pathway plays no role in ou
crossed beam experiments, but might be significant in h
temperature combustion flames.

We would like to stress, however, that although t
product isomers are different in both reactions and
chemical reaction dynamics involve distinct intermediates
denser reaction media such as combustion flames and
flow of carbon rich stars 3-vinylpropargyl, H2CCC–C2H3,
can isomerize via a @1,2# hydrogen shift to
1-methylbutatrienyl radical, H2CCCCCH3, cf. Fig. 15. Like-
wise a H atom addition to the terminal carbon atom
3-vinylpropargyl to H2CCC–CHCH3 followed by an H atom
elimination at C2 leads to the 1-methylbutatrienyl isom
Since a H atom shift is expected to have a barrier of ab
200 kJmol21, but a H atom addition/elimination only involv
barriers of about 15–25 kJmol21, the two-step addition-
elimination pathway should dominate the isomerization. T
energetics of these processes are currently under inves
tion.
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E. Comparison of the reactions of C „

3Pj… with
acetylene and methylacetylene

The involved potential energy surfaces and chemical
namics of C~3Pj ) reactions with~methyl-substituted! acety-
lene show strong similarities. First, reactions with acetyle
methylacetylene, and dimethylacetylene are governed by
direct scattering dynamics via complex formation; 30%
35% of the total available energy channels into the tran
tional degrees of freedom. C~3Pj ) attacks the carbon–carbo
triple bond without entrance barrier to either one or bo
carbon atoms. These pathways yield~substituted! pro-
pendiylidene and/or~substituted! cyclopropenylidene inter-
mediates which are stabilized by 124–137 kJmol21 and
216–227 kJmol21 with respect to the reactants, cf. Table
The propenediylidene and methylpropenediylidene isom
undergo H atom migration to form~methyl!propargylene
radicals. All ~substituted!cyclopropenylidene intermediate
can show a ring opening to~substituted!propargylene radi-
cals via barriers between 55 kJmol21 and 60 kJmol21. These
intermediates are in deep potential energy wells of 374–
f
FIG. 15. Schematic representation o
the isomerization of 3-vinylpropargyl,
H2CCC-C2H3 , to the 1-methylbut-
atrienyl radical, H2CCCCCH3 .
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TABLE II. Comparison of intermediates, energetics, symmetries, and electronic wave functions in reactions of atomic carbon with~substituted! acetylenes.
All energies are given with respect to the separated reactants.

Isomer Electronic
wave function

Point
group

Energy
kJmol21

Electronic
wave function

Point
group

Energy,
kJmol21

Electronic
wave function

Point
group

Energy,
kJmol21

R5H; R85H
acetylenea

R5H; R85CH3

methylacetyleneb
R5CH3; R85CH3

dimethylacetylenec

CRCCR8 ~trans!
propenediylidene

A9 Cs 2137 A9 Cs 2137 A9 Cs 2132

CRCCR8 ~cis!
propenediylidene

a a a A9 Cs 2136 A9 Cs 2124

c-RC3R8
cyclopropenylidene

A C1 2216 A C1 2221 A C1 2227

RCCCR8
propargylene

B C2 2388 A C1 2374 Eg D3d 2375

CCCRR8
vinylidenecarbene

B1 C2v 2253 A9 Cs 2223 A9 Cs 2242

aThe cis isomer was found not to be a local minimum; see References 18, 20, and 25.
bReference 19.
cPresent work.
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kJmol21 and decompose via H atom loss; no CH3 loss was
observed. Finally, the reaction exothermicities to form
n-C4H3 isomer and the 1-methylbutatrienyl radical are ve
similar and are calculated to be around 180 kJmol21.

VI. CONCLUSIONS

The reaction of ground state carbon atoms, C~3Pj ), with
dimethylacetylene, H3CCCCH3, was studied at three colli
sion energies between 21.2 and 36.9 kJmol21 employing the
crossed molecular beam technique. Our experiments w
combined withab initio and RRKM calculation. It is found
that the reaction is barrierless via a loose, early transi
state located at the centrifugal barrier and follows indir
scattering dynamics through a complex. This process form
dimethylcyclopropeneylidene intermediate either in one s
via an addition of C~3Pj ) to C1 and C2 of the acetylenic bon
or through an addition to only one carbon atom to short-liv
cis/trans dimethylpropendiylidene intermediates followed
ring closure. The cyclic intermediate ring opens to a line
dimethylpropargylene. This complex fragments to atom
hydrogen and a linear 1-methylbutatrienyl radic
H2CCCCCH3(X2A9), via a tight exit transition state locate
18.0 kJmol21 above the separated products. The experim
tally determined exothermicity of 190625 kJmol21 is in
strong agreement with our calculated data of 180610
kJmol21. The explicit verification of the carbon versus h
drogen exchange pathway together with the first identifi
tion of the H2CCCCCH3 radical represents a third pathwa
to form chain C5H5 radicals in the reactions of C~3Pj ) with
C4H6 isomers under single-collision conditions. Previous e
periments of atomic carbon with the 1,3-butadiene isom
verified the formation of 1- and 3-vinylpropargyl radical
HCCCH–C2H3(X2A9), and H2CCC–C2H3(X2A9), respec-
tively. In high-density environments such as combust
flames and circumstellar envelopes of carbon stars, these
ear isomers can undergo collision-induced ring closure~s!
and/or H atom migration~s! which can lead to the cyclopen
tadienyl radical. The latter is thought to be a crucial react
Downloaded 09 May 2006 to 128.171.55.146. Redistribution subject to A
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intermediate in soot formation and possibly in the product
of polycyclic aromatic hydrocarbon molecules in outflow
carbon stars.
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